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CHAPTER 1 
GENERAL INTRODUCTION 

PRODUCTION AND DEGRADATION OF CELLULOSIC BIOMASS 
The cyclic conversion of carbon by means of photosynthesis and 
microbial degradation is of utrtost inportance for all life on earth. 
The gain of this consecutive reduction and oxidation of carbon is the 
capture of solar energy which is used for growth and maintenance of 
living cells. Worldwide photosynthetic fixation of C0_ is estimated to 
yield annually up to 1.5-2.10 tons of dry plant material ' ' ' 
During the process of CO- reduction by solar energy, cellulose 
(28-50%), hemicellulose (20-30%) and lignin (18-30%) are produced as 
133 
main constituents of plant biomass . Minor constituents of plant 
material are pectin, starch, lipids, and protein. 
The decomposition of cellulosic biomass is carried out almost 
exclusively by microbial oxidations under both aerobic and anaerobic 
conditions ' ' . Most of the biomass in natural environments is 
oxidized by aerobic microorganisms. Hovrever, a substantial amount is 
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Figure 1. Main routes of decomposition of organic material in the 
presence of different electron-acceptors 
9 
mineralized in anaerobic environments. In this case the organic sub-
strate is oxidized with inorganic electron acceptors such as NO, 
2-(nitrate reduction), SO. (sulfate reduction) or CO- (methanogensis) 
31 111 112 (Fig 1) ' ' . Anaerobic degradation to methane accounts for about 
43 142 5-10% of the overall mineralization of organic matter ' . Methane 
production occurs in anaerobic habitats such as marshes, aquatic 
sediments, sewage sludge digesters, paddy-fields, and the digestive 
tract of many herbivorous animals. Methane production by termites was 
158 
recently estimated to be 40% of the global production although 
others reported a contribution of only 2-15%. The rumen is probably 
the most investigated methane-producing ecosystem and has been subject 
- 39,59,68,69,71,116,151 „ _ , 
of many reviews . Methanogenesis does not occur 
in environments where oxygen, sulfate or nitrate are readily available 
as electron acceptors 
ENERGY FROM WASTE MATERIALS 
A part of the photosynthetic biomass ends up as waste residue from 
agricultural, industrial and domestic processes, resulting in a 
deterioration of the environment. Because of the increasing airount of 
cellulosic wastes and a lack of dumping sites, the costs of current 
disposal methods such as dumping or incineration are increasing 
rapidly. On the other hand cellulosic residues represent an abundant 
and inexpensive renewable resource for the generation of energy and 
usefull products. However, the use of this potential resource requires 
the conversion of the biomass into a suitable form such as gaseous 
(CH.) or liquid (ethanol, methanol) products. In view of the vrorldwide 
need for renewable energy sources, present research is focused on the 
utilization of biomass as an alternative to petroleum for the produc-
£ л τ j u · ! 83,88,124,135 _ . . , ... tion of fuel and chemicals . A variety of methods are 
being explored which range from physical treatments, such as pyroly­
sis, to chemical and biological methods such as acid or enzymic 
hydrolysis and fermentation. The valorization of cellulosic residues 
by means of physical, chemical or biotechnological methods is depen­
dent upon the development of an economically feasible process. 
10 
Because of the relatively high moisture content of most biomass, and 
the high treatment costs of physical and chemical hydrolysis, a bio-
technological process is more attractive. 
Anaerobic digestion of organic waste may be considered as a rather 
simple technology for the solution of tvro concurrent problems: the 
disposal of solid waste generated by society and the need for new 
sources of energy. In contrast to other processes iamed at the 
valorization of organic waste, (e.g. methanol, ethanol production), 
the gaseous end products of methanogenic degradation are spontaneously 
separated from the liquid saving the need for an additional expensive 
separation step (distillation, extraction). 
ANAEROBIC DIGESTION 
Anaerobic decomposition of complex organic biopolymers to methane 
is brought about by the combined action of a wide range of organisms. 
According to the present knowledge, overall anaerobic digestion is 
considered to proceed according to the reaction scheme depicted in Fig 
2. The degradation pattern in Fig 2 is necessarily simplified, espe-
cially with respect to the acidogenic reactions, in order to emphasize 
the major metabolic routes. 
The flow of carbon from polymeric biomass to nethane proceeds in 
several successive stages. However, the degradation process is not a 
sequence of independent reactions, but it is characterized by a com-
plex of mutual interactions between different microbial species ' 
Although the micobial populations responsible for the anaerobic di-
gestion in different methane producing habitats are taxonomically 
112 distinct, the basic degradation pattern appears to be similar 
Microbial populations involved in the fermentation of cellulose in 
mesophilic and thernophilic environments are probably taxonomically 
different, but catalyze the same overall reactions. This microbial 
versatility allows for an extensive diversity in environmental para-
meters of methane producing ecosystems as to pH, osmotic pressure, 
temperature and substrate spectrum. 
11 
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Figure 2. Anaerobic degradation of polymeric biomass to methane and 
the microbial groups involved. 1,2: hydrolytic and fermen­
tative bacteria. 3: hydrogen-producing acetogenic bac­
teria. 4: hydrogen-consuming acetogenic bacteria. 5: 
hydrogenotrophic methanogens. 6: acetoclastic methanogens 
Hydrolysis 
Since bacteria are unable to take up particulate organic material, the 
first step in anaerobic degradation consists of the hydrolysis of 
polymers through the action of exoenzymes to produce smaller molecules 
which can cross the cell barrier. Some eucaryotic microorganisms (e.g. 
rumen ciliates) are known to perform an intracellular hydrolysis of 
37 polymers . Hydrolytic microorganisms are generally associated with 
59 8 9 
the insoluble substrate . Estimates of 10 to 10 hydrolytic bacteria 
per ml have been reported in mesophilic digestion of sewage 
η A 91,134 
sludge 
12 
Most of the polymers possessing α-glycosidic bonds, such as starch 
or glycogen, are readily hydrolyzed by amylases. Pectins are easily 
degradable by pectinases or amylases , whereas proteases and pep-
22 tidases are responsible for the hydrolysis of protein . Cellulose, 
the predominant constituent of biomass has been shown to be rather re-
78 102 
sistant to hydrolysis ' . The enzymes responsible for the hydroly­
sis of the ß-(1-4)-linked units of D-glucose are referred to as 
cellulases. Cellulase in fact is a complex of cellulolytic enzymes, 
composed of exo-glucanases (exo-cellobiohydrolase), endo-glucanases 
47 79 89 
and cellobiases ( ß-glucosidase) ' ' and their synthesis is re-
119 gulated by induction and catabolite repression . The solube products 
cellobiose and glucose have been reported to be inhibitors of the 
62 83 89 
cellulase complex ' ' . The complete hydrolysis of insoluble 
cellulose requires a synergistic action of the three groups of cel-
45 83 154 lulolytic enzymes ' ' . Many bacteria hovrever do not possess 
cellobiases, but process cellobiose and cellodextrins intracellularly 
89 by the use of specific phosphorylases . The cellulase systems of 
Aeetovibrio cellulolytiaus ' ' , Clostvidiwn thermocelbwri ' ' 
and several cellulolytic rumen microorganisms ' ' have been in-
tensively investigated. Many differences have been reported between 
cellulase complexes of various species with respect to subunit com-
position, molecular veight, and substrate specificity and activity of 
89 isolated enzymes . According to the present knowledge, cellulolytic 
enzyite systems appear to be almost as diverse as there are types of 
celluloytic microorganisms. 
Acidogenesis 
The soluble products of hydrolysis are metabolized intracellularly 
by a complex consortium of hydrolytic and non-hydrolytic microorga-
nisms. Pyruvate, which is formed from hexoses or from other precur-
sors, is a general intermediate in anaerobic fermentations and is 
subsequently fentented into various metabolic products. Electrons 
generated during pyruvate formation are utilized in the fermentation 
routes. 
Although pure cultures of bacteria produce a variety of end 
products from carbohydrates , the main end products of acidogenesis 
13 
94 132 by mixed cultures are acetate, propionate, butyrate and H_/CO_ ' 
Furthermore minor amounts of formate, lactate, valerate, methanol, 
ethanol, butanediol or acetone may be produced by fermentative micro­
organisms. Since volatile fatty acids (VFA) are the main products of 
fermentative organisms, they are usually designated as acidifying or 
acidogenic microorganisms. 
The partial pressure of hydrogen (PH2) plays an important role in 
controlling the proportions of various fermentation products ' ' 
Based on thermodynamic considerations, the production of H, from NADH 
Δ
 -3 
becomes favourable ( Δ G"' negative) only at very low PH- (< 10 
120 
atm) . If PH_ is kept below this value by Hp-consuming methanogens, 
the fermentation pattern of acidogenic microorganisms is shifted to 
the production of irore H-, CO- and acetate which may yield 4 moles of 
ATP per mole of hexose fermented ' . However at higher PH- there is 
an increased tendency of the electrons of NADH to be utilized in the 
catabolism of pyruvate to irore reduced products such as propionate, 
ethanol or lactate. As a result less ATP is yielded per mole of hexose 
94 fermsnted . 
Acetogenesis 
The hydrogen-producing acetogenic bacteria are responsible for the 
oxidation of products generated in the acidogenic phase to substrates 
suitable for methanogens ' . For a long time it was generally 
believed that the products of acidogenic bacteria were directly uti­
lized by methanogenic bacteria ' . In 1967 Bryant et al demonstra­
ted that ethanol was not directly used as a substrate for methanoge-
nesis, but was first oxidized to acetate and H_ by an acetogenic 
species. From that time it became clear that acetogenic bacteria form 
an intermediate metabolic group which may deliver substrates for 
methanogenic bacteria. 
The products of acetogenic bacteria are H_, CO- and acetate. As is 
shown in Table 1 irost of the hydrogen-generating reactions are ther-
modynamically unfavourable under stadard conditions. Progress of the 
reactions is strongly affected by PH_ and may become exergonic at a 
relatively low partial hydrogen pressure. The effect of PH on the 
free energy changes of seme acetogenic reactions is shown in Fig 3. 
14 
Acetogenesis from pyruvate is thermodynamically feasible at a broad 
range of РН^, but the oxidation of propionate, butyrate or ethanol 
performing these reactions are obligatorily coupled to hydrogen 
,21,26,95,97 
or sulfate reducing bac­
teria"*'"*". Itie physiological partnership between hydrogen producing 
and hydrogen consuming species in synthrophic association is termed 
oxidizers such as methanogens 
54,112 
Table 1. Free energy change (Δ G0') of some acetogenic reactions under 
standard conditions 
Substrates Products AG 0 1 (kJ.mole ) 
Butyrate + 2H 0 
Propionate + 3H 0 
Lactate + 2H О 
Ethanol + Н О 
Benzoate + 7H50 
2 Acetate +2H +2H +4Θ.1 
Acetate"+HC0~+2H +3H +76.1 
Acetate~+HC0-+2H +2H -15.1 
Acetate~+H +2H +9.6 
3 Acetate"+HCO~+4H++3H +Θ9.7 
'interspecies hydrogen transfer'. Methanogenesis from H_/C02 is 
feasible at PH. above 2.5.10- atm (Fig 3). The implication of 
methanogens on the stochicmetry and free energy change ( Δ G 0 ' ) of 
reactions involved in the catabolism of propionate is sumnarized in 
Table 2. 
Recently, interspecies hydrogen transfer has been suggested to 
. ^ ..136 . .,. ,. 127,128,143 , , 
occur between sapropelic and rumen ciliates as hydrogen 
producers and methanogens as hydrogen consumers in endosymbiotic and 
episymbiotic association, respectively. 
A special group of bacteria which are usually present in very small 
numbers are hydrogen consuming acetogenic bacteria ' ' . TTiese 
organisms require a relatively high PH_ for acetate production (Fig 
3). Since PH. is normally kept low due to the presence of methanogens, 
15 
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Figure 3. Effect of hydrogen partial pressure on free energy change 
of some reactions in anaerobic digestion. Methanogenesis 
from Η /CO (A) and acetogenesis from Η /CO (Β) , pyruvate 
(C) butyrate (D) and propionate (E) . Calculations were 
based on standard values for G' at 25 0C, pH7, PCH 0.7 
atm, 1 mM VFA and 34 tnM HCO" . 
these organisms are probably of minor importance in the overall anaero­
bic digestion process. CO_ reduction to acetate has been shown to 
account for less than 5% of the total acetate production in a cattle 
manure digester 
Methanogenesis 
The final step in the overall anaerobic conversion of organic 
matter into methane and CO- is catalysed by methanogenic bacteria. 
Methanogens utilize only a limited number of simple substrates, com­
prising acetate or the C.-compounds CO_/H_, formate, methanol, methy-
lamines and 00. Although only a few species of the methanogens iso­
lated up to now are capable of acetoclastic methane formation, about 
70% of the global methane production is derived from the methyl group 
93 123 
of acetate ' . Nearly all known methanogenic species are able to 
produce methane from H./CO-. Although the standard free energy change 
16 
Table 2. Effect of syntrophic association between H -producing aceto-
genic bacteria and methnogens on change in free energy (AG01) 
during the catabolism of propionate 
Substrates Products ÛG"' (kJ.mole ) 
Propionate + Зн 0 
- +
 Z 
4H +HCO +H 
Acetate + H O 
acetate+HCO +H +3H 
CH.+3H,0 4 2 
CH„+HCO~+H 
4 3 
+76.1 (A) 
-135.6 (B) 
-31.0 (C) 
Sum A+B 
Propionate +0.75 H O acetate + 0.75 CH +0.25 HC0~ -25.6 
Sum A+B+C 
Propionate + 1.75 Н О 1.75CH +1.25HCO~+l .25^ 
-56.6 
in the conversion of H?/00_ to methane is much greater as com­
pared to acetoclastic methane formation one has to consider that PH. 
in anaerobic digesters or in natural environments is usually very low. 
Consequently the hydrogenotrophic reaction will yield considerably 
-4 
less energy ( д С about 35 kJ per mole at PH- 10 atm). Taking this 
into account, the energetics of methanogenesis from H./CO- or acetate 
probably do not differ much under non-standard conditions. 
Both hydrogenotrophic and acetoclastic methanogenesis are very im­
portant in maintaining the progress of anaerobic digestion. From the 
previous thenrodynamic considerations it is evident that methanogenic 
bacteria fulfill a crucial role as hydrogen scavengers in overall 
6 73 —3 
anaerobic digestion . Hungate et al reported a Km value of 10 - nM 
for H- in hydrogenotrophic methane production in the rumen. The abi­
lity of methanogens to keep PH. very low, thereby pulling H?-prOducing 
reactions, forms the basis for interspecies hydrogen transfer. By 
17 
keeping PH ? low an accumulation of VFA, which vrould result in fementer 
performance failure due to acidification, is prevented. Acetoclastic 
methane formation on the other hand prevents 
acidification of the anaerobic environment by removal of acetate. 
Fermentation of organic matter in the absence of methanogens would 
consequently result in a rapid acidification and incomplete degra­
dation . 
If the chemical composition of the organic substrate is known, the 
maximum theoretical methane yield can be calculated according to the 
27 
equation developed by Busvell : 
c
nWc + (»-f-! + f) «2°—(Μ-Μ^4 + 
( M + M 2) c o 2 + c N H 3 
During the anaerobic decomposition of complex organic matter, about 
90% of the substrate energy is retained in the methane that is pro-
24 duced . The complete conversion of organic material to CH. and CO_ 
. . , .
 u с
 ^ . 24,89,92,112,159 
has been subject of recent reviews . 
RATE LIMITING STEPS 
Since anaerobic digestion of organic matter is a multistep process 
vAiich involves the successive action of several metabolicly diverse 
populations of microorganisms, the overall rate of substrate conver­
sion is determined by the kinetic characteristics of the slowest step. 
Which of the individual steps is rate-limiting is mainly dependent on 
the composition of the substrate. 
During the digestion of refractory insoluble substrates, such as 
cellulose, the hydrolysis step has been reported to govern the overall 
degradation rate ' ' . The rate of hydrolysis is determined by 
both microbial constraints (e.g. generation time , cellulase pro­
duction) and physical and chemical characteristics of the substrate 
(e.g. crystallinity of cellulose, degree of association with lignin, 
18 
73 87 
surface area/particle size ratio) ' 
If soluble organic components are the main substrates for anaero-
bic, digestion, acetogenesis and methanogenesis have been identified 
as rate-limiting steps ' ' . This is a direct consequence of the 
long generation times of most Hydrogen-producing acetogenic bacteria 
and acetoclastic methanogens ' . The low growth yield and long 
doubling times reported for these organisms are due to the lew free 
energy changes for acetogenesis and methanogenesis at physiological 
24 
conditions . This has major implications on the anaerobic teratment 
of organic waste in a digester. Methanogenic bacteria in anaerobic 
digesters may exhibit mass doubling times of more than 30 days ' 
As a consequence average residence times reported for completely 
stirred tank reactors (CSTR) are in the range of 20-40 days, resulting 
in low volumetric loading rates. 
Recent advances in the technology of anaerobic digestion of soluble 
waste and understanding of the complex process have resulted in 
drastic improvements of digester performance. The general strategy to 
counteract the rate limitation of conventional anaerobic digesters 
(CSTR) treating waste water is based on the increase of microbial 
biomass retention at relatively short hydraulic residence time. 
Methods to improve microbial biomass retention are all based on the 
general phenomenon that the bacteria attach readily to surfaces and to 
one another. 
The first retained biomass reactor that was developed was the 
121 
anaerobic contact reactor . More advanced desings were developed 
155 during the last 20 years and include the anaerobic filter , the 
86 
upflow anaerobic sludge blanket which in fact is an improvement of 
125 the earlier developed clangester ' , the fluidized and expanded bed 
. 56,75,130 , , „ . ,_. .. , ,., . 100,139 
reactors and downflow stationary fixed film reactors 
The different designs of retained biomass reactors, all based on 
the concept of inncbilization of slowly growing organisms have been 
29 120 138 
reviewsd recently ' ' . The different treatment methods all have 
their own specific benefits and drawbacks and they are limited to the 
treatment of certain types of waste waters. Due to the accumulation 
and imnobilization of microbial biomass, relatively high volumetic 
loading rates of lew strength waste waters can be realised. For 
optinal application and start-up of these systems more information is 
19 
required on the conditions that stimulate attachment of anaerobic bac-
'f gran 
,40,63 
teria to various supports or the formation of ules with excellent 
settling properties in sludge blanket reactors 
While major advances have been made in the anaerobic treatment of 
soluble wastes, digestion of solid organic wastes is still performed 
in low-rate CSTR. Inmobilization of microbial cells on supports may 
not be applicable in solid waste treatment, since an optimal contact 
betwsen the solid substrate and the microorganisms should be main-
tained. During the digestion of particulate waste materials the micro-
organisms in fact are imrobilized on the substrate particles and 
therefore increased biomass retention may be realized by selective 
retainment of the solid substrate whereas the retention time of 
rapidly digested soluble waste components may be reduced. This mode of 
operation has been applied to the digestion of animal manures by means 
28 29 
of upflow or horizontal plug flow digester designs ' 
An alternative msans of accelerating the decomposition of cellu-
losic residues is to make the substrate more accessible to enzymic 
attack by means of pretreatment. The goal of pretreatments is to 
break-up the lignin-cartohydrate complex in order to increase the 
degree and the rate of cellulose digestion. A variety of pretreatment 
methods have been developed including physical, chemical and biolo-
gical methods such as gamia irradiation, ball milling, steam explo-
sion, acid and alkali treatments or micobial treatment with white-rot 
, , . , .53,80,99,103,104 „ ^ - - 4- *. w 
and brown-rot fungi » » » » _ Mögt of the pretreatments have 
been developed with the primary goal to valorize low quality forages 
99 
as an animal feed especially for ruminants , but recently they vere 
also applied to lignocellulosic wastes before anaerobic diges-
tion ' . It is not yet clear whether the additional costs of pre-
treatment will be recovered in reduced costs of digestion. 
A more direct means of improving cellulose degradation would be by 
the application of microorganisms or microbial comnunities exhibiting 
an enhanced oellulolytic activity ' ' .In contrast to the ineffi-
cient degradation of solid waste materials in current digesters, the 
anaerobic decomposition of lignocellulosic materials in certain natural 
microbial ecosystems is known to proceed at high rates. The termite 
hindgut or the forestomach of ruminants may be considered as high-rate 
natural digesters which operate at solid residence times of only one 
20 
Table 3. Performance data of some natural and artificial anaerobic microbial ecosystem 
Type of reactor Substrate loading rate retention conversion reference 
a -1 -1 
g VS 1 d time (d) (%) 
CSTR domestic refuse 
CSTR pig manure 
Two-phase tomato plants 
с 
DASB vaste water 
Fluidlzed bed waste water 
Termite hlndgut llgnocellulose 
rumen grass 
1-2 
3-6 
-
15-18 
20-60 
35-70 
50-100 
20-40 
10-20 
14-21 
0.13-0.33 
0.04-0.08 
0.5-1 
1-2 
50 
30-40 
40 
95 
90 
60 
40-70 
140 
141 
61 
86 
56 
Volatile solids 
Completely stirred tank reactor 
Upflow anaerobic sludge blanket 
or tvro days (Table 3). These anirtals and all other herbivores have evol­
ved a symbiotic interrelationship with microorganisms which enable 
than to convert huge airounts of structural plant polysaccharides that 
cannot be degraded by animal digestive processes. Herbivorous animals 
rely on the gut microorganisms to convert these polysaccharides into 
products which can be utilized for energy and growth. The rate of 
hydrolysis and subsequent acid formation by intestinal microorganisms 
may be up to 20-50 times as high as conpared to artificial anaerobic 
systems treating cellulosic waste materials (Table 3). Because of 
their high cellulolytic activity and relatively short generation 
times, rumen microorganisms possess an enormous biotechnological 
potential in the application to anaerobic decomposition of cellulosic 
residues . 
21 
CELLULOSE DIGESTION IN THE RUMEN 
The rumen is an open continuous cultivation system of microorga­
nisms in which conditions suitable for microbial growth are provided 
by the ruminant. The rumen ecosystem is characterized by an almost 
constant supply of plant material, saliva and water, a constant tem­
perature of 390C, an alirost neutral pH (6-7), a low oxidation-reduc­
tion potential and a differential renoval rate of solids and li-
31 fifi quids ' . These conditions favor the growth of a large and complex 
microbial population which is responsible for the conversion of 
structural plant fibres. Microorganisms involved in ruminant fermen­
tation processes include a great variety of bacteria, many ciliate 
protozoa not found elsewhere in nature, flagellates and phycomycete 
, .12,16,34,68,109 _, ,..-,.
 c
 •-,• ... 
fungi ' ' ' i
 t prom the discovery of ciliate protozoa in rumen 52 
content in 1843 , it took more than a century before the function of 4. 4. U - T ι ·^  4- .44,65,115 microorganisms in ruminant metabolism was elucidated 
In contrast to the anaerobic degradation pattern depicted in Fig 2, 
which represents an overall digestion of organic matter to CH. and 
CO,, the degradation of plant material in the rumen involves only the 
stages of hydrolysis and acidogenesis. Hydrogen producing acetogenic 
bacteria which catabolize VFA and acetoclastic methanogenic bacteria 
do not grow rapidly enough to be maintained at the relatively short 
residence time of the feed material in this ecosystem . Consequently, 
acetate (56-70%), propionate (17-29%), butyrate (9-19%) and minor 
amounts of longer-chained saturated fatty acids are the predominant 
fermentation products in the rumen ' ' . These products are ab­
sorbed frcm the digestive tract and serve as a major energy source for 
the ruminant. Hydrogen is an important intermadiate in rumen fermen­
tation and is utilized by methanogens for the reduction of CO- to CH.. 
the hydrogenotrophic methanogens in the rumen have a high affinity for 
72 
H_ , and by its consumption they enable the production of nore oxi­
dized fermentation products (acetate) by other microorganisms. Al­
though methane production represents a loss of potential substrate 
energy by the animal, it results in higher ATP yields and consequently 
increased growth of the microorganisms involved in rumen fermentation. 
Fermentation of cellulose and other complex substrates in the runen 
22 
proceeds by the interaction of various microbial species. Pure cul­
tures of rumen microorganisms may produce substantial amounts of 
lactate, ehtanol, formate, hydrogen or succinate, products usually not 
found in high amounts in the rumen ' ' ' Because of the lew 
PH_ created by methanogens ethanol, lacate and succinate are metabo­
lized in the rumen. 
RUMEN MICROORGANISMS AND THEIR RELATIVE IMPORTANCE 
The rumen contains a couple of hundred different species of micro­
organisms including bacteria (10 -10 cells.ml ), protozoa (10 -
10 cells.ml ) and fungi which are firmly attached to the solid sub­
strate during its degradation . Within only a few minutes plant par-
32 
tides ingested by the ruminant wsre colonized by bacteria and proto-
4,13 , ... . τ к . - .14,107,108 , 
zoa and within 2 h by fungi . Invasion by microorganisms 
17 84 144 
was shown to start preferentially at damaged tissues ' ' . The 
physical coupling of the microorganisms to their substrate enables 
them to exploit their hydrolytic enzyme activities in an optimal way. 
Moreover, attachment of microbial cells to the solid digesta provides 
a means of increasing microbial biomass retention in the rumen, since 
solid residence time has been shown to be much longer than retention 
144 
of liquids 
Rumen bacteria 
Only a few of the predominant species of microorganisms that 
inhabit the rumen produce cellulase. The predominant cellulolytic 
bacteria in the rumen appear to be Rwrrinooooaus albus , Baeteroides 
succinogenes , Riminococous ftavefaciens and Butyrovibrio fibri­
ls 
solvens , all studied in pure culture. Of these species Baateroides 
susoinogenes is probably the irost active in the degradation of recal-
87 
citrant forms of cellulose . The cellulase complexes of various cel-
lulolytic rumen bacteria have been studied and seem to differ markedly 
89 between different species . 
The products of cellulose hydrolysis are subsequently metabolized by 
23 
h H 
Figure 4. Bright field micrograph of rumen ciliates engulfing plant 
fibres. The bar represents 50 pm. 
both cellulolytic and non-cellulytic fermentative rumen bacteria. 
Rumen ciliate protozoa 
The ciliates in the runen belong to the families of Ophryosaole-
eidae and Isotriahidae. These ciliates are highly specialized for 
growth in the runen ecosystem, since they are not found elsewhere. 
Because of the large dimensions of rumen ciliates (25-200 pm) , their 
morphology has been well documented ' . Microscopic observations 
have demonstrated that many rumen ciliates are able to engulf starch 
granules or plant fibres (Fig 4) ' ' ' . Moreover, a wide range of 
hydrolytic enzymes necessary for the degradation of plant cell wall 
polysaccharides have been demonstrated in extracts of runen ciliate 
19,38,146,147,148 „_,,,,..
 1 ,., η 
protozoa . Cellulolytic activity recently was also 
demonstrated in a culture of the rumen ciliate Polyplastron multi-
20 
Oesiaulatun free of cellulolytic bacteria . Although the active 
involvenent of runen ciliates in plant cell wall degradation has been 
established, the exact role and metabolic activity of these organisms 
is not fully understood. It has been demonstrated in many studies that 
24 
ruminants can survive without the presence of ciliates but fibre 
degradation and vreight gain were usually lower in defaunated ani­
mals ' ' ' , Based on literature results, Demeyer reported that 
rumen protozoa account for 34% of the total rumen microbial fibre 
,. _ 151 digestion 
Phycomycete fungi 
Besides ciliates also flagellate protozoa have been observed in the 
fifi 
runen, but their number is probably much Іо даг . Recently, however 
some of the rumen flagellates were identified as zoospores of the 
phycomycete fungi Neooallimastix frontalis, Sphaeromonas oommunis and 
Piromonas corwmnis ' ' . The life cycle of these phycomycete 
fungi consists of a motile zoospore stage free in rumen fluid and a 
non^motile vegetative reproductive stage which is firmly attached to 
feed particles ' ' . Under favourable conditions up to 8% of the 
109 
microbial biomass may consist of Phycomycete fungi . Although these 
organisms are known to fentent plant cell wall polysaccharides in pure 
cultures , their share in the overall digestion of plant fibre in 
the rumen is not yet established. 
OUTLINE OF THE THESIS 
Considering the fact that rumen microorganisms exhibit extrenely 
high cellulase activities and relatively short mass doubling tines, it 
is obvious that an application of these organisms to the anaerobic 
treatment of cellulosic residues might significantly enhance the rate 
and the economical feasibility of the process. This thesis describes 
the development of a high-rate artificial rumen digester and its ap­
plication to the degradation of mainly (ligno-)cellulosic wastes. 
Chapter 2 describes the long-term cultivation of rumen microorga-
nisms, including ciliates, in an artificial rumen digester. The role 
of ciliates in the overall rumen fermentation process is discussed in 
Chapter 3. 
In order to realize a complete conversion of cellulose to CH. and 
25 
CO., the artificial runen digester was coupled to an UASB-type methane 
reactor thereby creating a high-rate tvro-phase process which is refer­
red to as the 'rumpn derived anaerobic digestion' (RUDAD-) process 
(Chapter 4). Chapter 5 and 6 deal with the application of the artifi­
cial rumen digester to the anaerobic digestion of various organic 
waste materials. The stability of the RUDAD-process is demonstratpd 
during a long-term digestion period with a cellulosic fraction of 
domestic refuse as a digester feed (Chapter 7). 
A technological simplification of the RUDAD-process based on the 
imcrobial umiobilization is presented in Chapter 8. 
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CHAPTER 2 
CONTINUOUS CULTIVATION OF RUMEN MICROORGANISMS, 
A SYSTEM WITH POSSIBLE APPLICATION TO THE ANAEROBIC DEGRADATION 
OF LIGNOCELLULOSIC WASTE MATERIALS 
Gijzen HJ, Zwart KB, van Gelder PT, Vogels GD (1986) 
Appi Microbiol Biotechnol 25: 155-162 

SUMMARY 
An in vitro continuous fermentation device is described which al­
lows the naintenance of a mixed rumen microbial population under con­
ditions similar to those in the rumen. The differences in flow rates 
of solids and liquids found in the rumen vere established in vitro by 
means of a simple filter construction. A grass-grain mixture was used 
as a solid growth substrate. During a test period of 65 days the 'ar­
tificial rumen' fermenter showed stable operation with respect to 
ciliate numbers, fibre degradation and volatile fatty acids produc­
tion. Values obtained were comparable to those found in vivo. Optimal 
fibre degradation and volatile fatty acids production wsre maintained 
when hydraulic retention times (HRT) ranges from 11 to 14 h. At these 
4 
НКГ-values ciliate numbers were maintained at about 8.5 χ 10 cells 
per ml. Ciliate numbers declined drastically at НКГ-values above 14 h. 
A fermenter inoculated with a small volurte of rumen fluid (1 : 100, 
v/v) reached normal protozoal numbers, fibre degradation and volatile 
fatty acids productions after a start up period of only 8 to 10 days. 
The possible application of rumen microorganisms for an efficient de­
gradation of lignocellulosic waste material in an artificial rumen di­
gester is discussed. 
INTRODUCTION 
Anaerobic waste water treatment has made great progress recently by 
the development of several advanced high-rate treatment systems such 
as the anaerobic filter, the upflow anaerobic sludge blanket and the 
attached film expanded bed reactor (van den Berg 1984). In contrast, 
anaerobic conversion of solid organic wastes has not been very effi­
cient in terms of volumetric loading capacities of reactors, solid 
retention times (SRT) and extent of digestion (Hobson et al. 1980; 
Weland and Cheremisinoff 1975). For this reason application of anae­
robic degradation to organic solid materials has been limited mainly 
to animal wastes and secondary waste water sludge. The low conversion 
rates are probably due to a low rate of hydrolysis as a limiting step. 
Therefore, recent research was focussed on the improvement of hydro-
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lysis by physical, chemical or biological pretreatments of the waste 
materials (Millet et al. 1975; Han et al. 1975), by increasing mi-
crobial biomass retention (Callender and Barford 1983) or by screening 
for more active hydrolytic organisms (Hobson et al. 1984). However, in 
nature several anaerobic microbial ecosystems are highly active in the 
conversion of lignocellulosic materials. Typical examples are the di-
gestive tract of termites and the rumsn of ruminants. 
The controlled environmental conditions in the rumen favour the 
growth of an extensive and complex microbial population, which mainly 
consists of bacteria and ciliate protozoa (Hungate 1966). The fermen-
tation pattern of plant polymsrs by the rumen microbial comnunity is 
comparable to that observed in anaerobic digesters, but acetate pro-
duction from volatile fatty acids (VFA) and acetoclastic methane for-
mation are much less important in the rumen. Consequently, acetate, 
propionate, butyrate and methane originating from H„/CO_ are the main 
end products of rumen fermentation. 
Application of rumen microorganisms in a rumen-like fermentation 
system might strongly enhance the industrial fermentation of ligno-
cellulosic waste materials. However, long-term cultivation of rumen 
microorganisms, including rumen ciliates, in an 'artificial rumen' 
digester with a sinple construction and operation is a prerequisite 
for such an application. The present paper describes a simple long-
term continuous cultivation system for rumen microorganisms. An eva-
luation of the effects of hydraulic retention time and inoculum volume 
on fermenter performance, using grass as a substrate, is presented. 
MATERIALS AND METHODS 
Fermentation system 
A continuous in vitro fermentation system with differential removal 
rates of solid and liquid fermenter contents, adapted from the system 
described by Hoover et al (1976), was used. A schematic diagram of 
the fermenter is shown in Fig 1. 
The culture was kept in a fermenter (a) which consisted of a 3 
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litre double wall glass vessel (working volume 1.5 litre) and was kept 
at 390C by neans of a temperature bath circulator (b). Buffer solution 
(c), according to Rufener et al. (1963) was added continuously to the 
fermenter at a rate adjustable by peristaltic pump d. Liquid fermen­
tation medium was continuously removed through a filter unit (e) by 
peristallic pump f and collected in a calibrated vessel. 
The filter unit consisted of a cylinder (6 cm high, 4 cm diameter) of 
stainless steel ware gauze (pore size 0.3 пи), which was connected to 
a glass tube by neans of a perspex disc at the top of the cylinder. 
The cylinder was completely wrapped in a single layer of nylon gauze 
(30 Щ[ pore size), which was fitted to the glass tube by means of a 
rubber o-ring. This construction revealed a total filter area of about 
90 on 2 (25% pore area). The fermenter contents were mixed every 30 mi­
nutes for a period of 45 seconds by means of a laboratory rotary sha­
ker (g), which contained maximally 4 fermentation vessels. Irmediately 
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Fig. 1. Schematic diagram of the artificial rumen fermenter. 
a, 3 litre cylindrical glass vessel; b, temperature bath cir­
culator; c, buffer vessel; d, f, peristaltic pumps; h, peris­
taltic pump connected to a timer; e, cylindrical filter; g, 
laboratory rotary shaker, containing up to 4 fermenter ves­
sels; i, outlet tube for homogeneous fermenter contents; j , 
outlet for biogas; к, calibrated marlotte bottle; 1, filter 
effluent reservoir; m, homogeneous effluent reservoir. 
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after mixing pump h was switched on automatically to remove homoge­
neous fermenter contents through an overflow tube (i) until a fer­
menter volume of 1.5 litre was reached. The gas outlet (j) of the fer-
menter was connected to a 10-litre calibrated mariotte flask (k) con­
taining acidified (0.02% HCl) tap-water. 
Experimental conditions 
Inoculation. All experiments, except one, wsre started by inocula­
ting the fermenters with 500 ml strained rumen fluid obtained from a 
fistulated sheep. After inoculation the fermenters were filled to a 
working volume of 1.5 litre with buffer solution. In one experiment 
only 15 ml inoculum was used. In this case, before inoculation, the 
fermenters were filled with buffer solution (1.5 litre) and flushed 
with N-ZCO- (80/20, v/v) for 30 minutes in order to create anaerobic 
conditions. 
Substrate. Inmediately after inoculation 70 g dry weight (dw) of a 
grass-grain mixture (4:1, w/w) according to Hoover et al (1976) were 
added as a solid growth substrate. On following days the substrate was 
added in two equal portions daily at loading rates of 20 or 35 g dw 
per litre fermenter volums per day (g dw/1 FV.d). 
The grass-grain mixture as determined by the nethod of Goering and van 
Soest (1970) contained (w/w) : 19% cellulose (C), 28% hemicellulose 
(HC), 4% lignin (L), 2% ash, and 47% natural detergent soluble organic 
matter. 
Solids (SRT) and hydraulic retention tiitE (ΗΚΓ). Flow rates of 
solids and liquids were adjusted to desired values by means of adjus­
table peristaltic pumps d (buffer input) and f (filtered effluent). 
HRT was adjusted by pump d, whereas retention of the feed was deter­
mined by the difference between buffer and filter flows: 
SRT (h) = —^— X 24 h, 
dV-fV 
in which dV and fV are the daily buffer input volume and filter ef­
fluent volume, respectively. 
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Digestion 
Digestion of the substrate was estimated during steady state, which 
was reached within 5-7 days after inoculation. Digestion was calcula­
ted as follows: 
digestion (%) = ( F o + S ) " ( F x + E ) X 100%, in which 
S 
Fo and Fx: fibre contents in fermenters at Τ = о and Τ = χ, respec­
tively. χ is usually 3 days. 
E: fibre contents in total fermenter effluents (filtrate and homo­
geneous fermenter effluent), collected during time x. 
S: fibre contents of the substrate added during time x. 
Fo was generally almost similar to Fx as should be expected during stea­
dy-state performance. 
In order to allow sampling at Τ = о without a decrease of the vror-
king volume of the fermenters below 1.5 litre, pump h was switched off 
the day before sampling, resulting in an increase of the fermenter 
contents. After removal of 4 homogeneous 50-ml samples at Τ = о, the 
fermenter volume was adjusted to 1.5 litre by рищр h. During the pe­
riod in which digestion was determined, filtered and homogeneous ef­
fluents were combined and stored at 40C. At the end of the digestion 
period (T = x) again 4 homogeneous samples were taken from the fer­
menter contents and f rem the combined effluents. All samples were 
stored at -20oC until fibre analyses vere performed. 
Analytical methods 
Fibre analyses. Neutral detergent fibre (NDF), acid detergent fibre 
(ADF), C, HC and L contents of the samples were determined according 
to the method of Goering and van Soest (1970). NDF and ADF analyses of 
the 50 ml sanples were performed with an equal volume of double 
strength detergent solutions. Ihe same analyses were carried out with 
0.5 g dry substrate suspended in 50 ml demineralized water. Each ana-
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lysis was performed in duplo. After determination of the dry weight 
all fibre residues were ashed (550oC, 3 h) to allow the results to be 
expressed on an ash-free basis. 
Volatile fatty acids (VFA) . 5-ml Samples for determination of pH 
and VFA were taken from the combined 24-hour effluent every other day. 
After measurement of pH, the samples were stored at -20eC until VFA 
analysis. Samples of 1 ml were mixed with 0.1 ml 100 mM isobutyric 
acid as an internal standard. Subsequently 0.25 ml 20% ortho-phospho­
ric acid was added and after thoroughly mixing the samples were al­
lowed to stand for 30 minutes. After removal of the solids by centri-
fugation the supernatant was used directly for gaschromatographic ana­
lysis of individual fatty acids by use of a Pye Unicam model GOD gas-
chromatograph equiped with a flame ionization detector. 0.1-0.2 μΐ 
samples were injected into a glass column filled with 10% SP1200/1% 
H3PO. on 80/100 chromosorb WAW (6 ft χ 2 ran ID) at a temperature of 
130oC. Nitrogen was used as a carrier gas at a flow of 40 ml/min. In­
jection and detection temperatures v^re 170oC and 1750C, respectively. 
Protozoal numbers. Protozoal numbers were determined every other 
day in a 3.6 ml sample removed from the fermenters 4 h after the first 
of the daily substrate additions. The samples were fixed in 0.4 ml 37% 
formaldehyde and stored at room temperature. Protozoal counts were 
made by means of a Reichert MeF inverted microscope with the use of a 
calibrated 4 ml cuvette containing a 20-fold diluted sample. 
Biogas. Daily biogas productions vrere monitored by means of a ca­
librated mariotte flask containing acidified (0.02% HCl) tap water. 
RESULTS 
Long-term operation 
In order to establish the stability of the continuous in vitro 
rumen fermentation system, a long term experiment was performed over a 
period of 65 days. HRT and SKT were adjusted to 12 and 60 h, respec­
tively. Actual performance data for HRT and SRT expressed as means of 
daily measurements (+ SD) were 12.2 + 0.6 h and 60.6 + 3.9 h. 
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During the entire period no filter change or filter regeneration 
was needed. Day to day variations in protozoal numbers during the 65 
days fermentation period are shown in Fig. 2. Iimediately after ino-
culation the number of protozoa declined, reaching a relatively con-
stant level of about 65x10 cells/ml after 3 days of incubation. 
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Fig. 2. Variations of protozoal numbers in the fermenter contents 
during long-term operation. 
For establishment of the relative numbers of the different ciliate 
species, the ciliates wsre subdivided into 4 groups; the Diplodinium 
group (Eudiplodinivm maggii and Diplodinium dentatum), the Epidinium 
group (Epidinium eoaudatum), the Entodinium group (Entodinium simplex, 
E. longinucleatum, E. aaudatum), and holotrichs (Isotrioha prostoma 
and Dasytrioha ruminantiim). The relative number of the ciliates of 
these groups during different stages of the test period are shown in 
Table 1. The ciliates in the inoculum belonged mainly to the holo-
trichs and to the Entodinium group. During the first 8 days of the 
test period drastic changes in the relative numbers of the different 
groups were observed: the relative numbers of the Diplodinium and 
Epidinium groups increased, whereas the numbers of the Entodinium 
group wsre strongly lowered and the holotrichs were completely eli-
minated. The relative numbers of the various groups remained rather 
stable during the rest of the test period. The changes of protozoal 
species observed in the transitie«! of the inoculum to continuous cul-
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TABLE 1. Frequency (% of total) of different ciliate groups during long-
term incubation in a continuous culture 
Group 
Diplodiniwn 
Epidin-Lum 
Entodiniun 
Holotrichs 
Inoculum 
8 
3 
71 
18 
Day 10 
52 
25 
23 
0 
Day 10-65 
(mean ±SD ) 
50 ± 4 
26 ± 5 
24 ± 5 
0 
Standard deviation (n = 18) 
ture are probably due to differences in substrates used, or the fer­
mentation conditions applied, but the fast decrease in the numbers of 
the Entodinium group during the first days of incubation might also be 
a result of the filter pore size, vrfiich is not small enough to retain 
these ciliates. 
The day to day variation in VFA concentration in the filter effluent 
is shovm in Fig 3. The mean (+ SD) production (concentration χ dilution 
rate) of total VFA during the test period was 155 + 13 mmoles/1 FV.d. 
Concentrations of individual VFA were rather constant throughout the 
test period, and amounted to mean molar percentages of 67%, 21% and 
12% for acetic, propionic and butyric acid, respectively. Mean fermen­
ter pH was 6.1 ± 0.2 (SD). The molar percentages of individual VFA are 
in agreement with in vitro values reported by Erfle et al (1982) at 
the same pH-value. These authors reported that the molar percentages 
of individual VFA мэге greatly affected by fermenter pH. The rrean bio-
gas production during the incubation was 4.3 ± 0.5 1/1 FV.d. 
Digestion of the substrates was determined twice; directly after 
equilibration (day 7-10) and from day 40 to 43 (Table 2) . NDF diges­
tion was almost the same in both periods, but degradation of cellulose 
was slightly higher and degradation of hemicellulose was lover in the 
second period. Such differences may be a consequence of changes in mi­
crobial conposition betvreen the test periods. 
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Fig. 3. Concentrations of acetate (·), propionate (o) and butyrate (D) 
in the filtered fermenter effluent during long-term opera-
tion. 
TABLE 2. Fibre degradation (% d.w.) during long-term incubation in 
continuous culture 
Fibre fraction 
NDF 
ADF 
Cellulose 
Hemicellulose 
Lignin 
Period 1 
day 7-10 
70 
63 
69 
Θ3 
42 
Period 2 
day 40-43 
67 
6Θ 
73 
64 
53 
Effect of HRT on fermenter performance 
The effect of variation of HRT on protozoal numbers and fibre de­
gradation was studied in six short-term experiments. All experiments 
vgere perfonted over a period of 14 days, with SRT at 60 h and sub­
strate loads of 35 g dw/1 FV^d, v*iereas HFT was varied. The effect of 
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HRT on NDF degradation is shown in Fig 4. The increase of HRT from 11 
to 25 h resulted in a decrease of NDF digestion from 66 to 34%. Compa­
rable results were obtained by Crawford et al (1980) with HRT ranging 
from 6.7 to 14.3 h. Czerkawski and Breckenridge (1977) however repor­
ted almost no change of dry matter degradation, with values varying 
from 60 to 66%, when HRT was increased from 25 to 75 h. 
Table 3 suimarizes the effect of HRT variation on fermentation pro­
ducts and fermenter pH during steady-state (day 7 - 14) . The increase 
of VFA production observed at higher dilution rate is in agreement 
with the improved digestion of the substrate. The molar percentages of 
the individual VFA did not vary markedly among different incubations. 
The pH in the fermenters decreased with increasing HRT as a result of 
the combined effects of a decreased buffer input rate and a slovrer VFA 
removal. 
The variation in HPT had a drastic effect on protozoal numbers in 
the fermenters (Fig 5). At a HRT of 25 h the protozoal numbers were 
very low (2xl03 cells/ml) . This may be an effect of the low pH ob­
served during the incubation at this HRT (Table 3). When the HPT was 
TABLE 3. Effect of HRT on VFA production and fermenter pH. All values 
are expressed as means ± SD (η = 4) of measurements obtained 
during steady-state (day 7 - 14) 
HRT (h) VFA production (mmol/L.FV.d) pH 
Acetate Propionate Butyrate 
11 
12 
14 
16 
1 8 . 5 
25 
Θ2.0 ± 5 .3 
9 3 . 5 ± 2 3 . 6 
8 1 . 3 ± 1 3 . 3 
7 5 . 0 ± 6 . 7 
5 6 . 5 ± 6 . 5 
4 1 . 7 ± 1 1 . 7 
28.2 ± 1.2 
2 9 . 4 ± 8 . 1 
2 4 . 6 ± 1.0 
2 7 . 0 ± 1.3 
2 0 . 5 + 1.8 
16 .2 ± 2 . 7 
1 5 . 9 ± 1.1 
1 6 . 3 ± 6 . 1 
1 4 . 1 ± 1.8 
1 1 . 4 ± 1.1 
1 3 . 8 ± 0 . 7 
1 0 . 8 ± 1.7 
6 . 2 8 
6.22 
6 .06 
5.85 
5 .95 
5 . 6 1 
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decreased, protozoal numbers increased markedly and reached a constant 
level of approximately 85xl03 oells/ml at a HRT between 11 and 14 h. 
Crawford et al (1980) and Czerkawski and Breckenridge (1977) found no 
effect of HRT on protozoal numbers in vitro. These authors reported 
mean protozoal numbers of about 10 cells/ml and 38x10 cells/ml when 
HRT was varied between 6.7 and 14.3 h, and betv^en 25 and 75 h, res-
pectively. 
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Fig. 4: Effect of variation of HRT on NDF degradation. 
Dilute inoculation 
In order to study the start-up of a reactor after dilute inocula­
tion, a fermenter was inoculated with 15 ml of strained rumen fluid 
(1:100, v/v), and measurements were made over a period of 20 days. SPT 
was maintained at 190 h in order to minimize washout of protozoa and 
fibre-associated bacteria. HRT was maintained at 12 h, and a grass-
grain mixture was added at a load of 20 g dw/1 FV.d. 
Fig 6 gives the course of ciliate numbers in the fermenter as a 
function of incubation time. The ciliate numbers in the reactor were 
2.4x103 cells/ml directly after inoculation and reached a steady state 
level of about 90x103 cells/ml within 10 days. After inoculation of 
the fermenter, the frequency of different protozoal groups changed ra­
pidly (Table 4). The relative number of the different groups after 
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Fig. 5: Effect of variation of HRT on protozoal numbers in the fer-
menter contents. 
stabilization was comparable to those observed during the long-term 
incubation (Table 1) , except that the frequency of the Entodinivm 
group was somewhat lower. Although the frequency of the holotrichs de-
creased drastically during the incubation, their absolute number 
increased almost tenfold. This is in contrast with the observation in 
previous experiments, where holotrichs completely disappeared after 
stabilization. The maintenance of holotrichs in this experiment is 
probably a consequence of the relatively long SRT applied. 
The production of VFA also reached steady-state levels within 8 to 
10 days after incubation. The mean (+ SD) productions of acetic, pro-
pionic and butyric acid between day 10 and day 20 of incubation were 
75.5 + 15.4, 18.2 + 3.3 and 15.1 + 1.7 mrroles/d, respectively. Illese 
productions were somswhat lower as compared to the long-term incuba-
tions as a result of the lower loading rate applied. Fibre degradation 
was determined between day 8 and 19 after inoculation (Table 5). The 
extent of fibre degradation, except for lignin, was comparable to the 
degradation observed during long-term operation at a loading rate of 
35 g dw/l.d. (Table 2). In spite of the lower loading rate and longer 
SPT, the degradation of cellulose and heriicellulose ware only slight-
ly improved, whereas lignin degradation was negligible low. The cellu-
lose and hemicellulose remaining after advanced digestions may be 
more resistant to enzymatic hydrolysis. 
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Fig. 6: Growth of ciliates in the artificial rumen fermenter after 
inoculation with 15 ml (1:100, v/v) rumen fluid 
TABLE 4. Frequency (% of total) of different ciliate groups in continu-
ous culture at day 1 (inoculum) and between day 10 and day- 20 
after inoculation with 15 ml (1:100, v/v) rumen fluid 
Diplodinium 
Epidiniim 
Entodinium 
Holotr ichs 
day 1 
11 
3 
74 
12 
day 10-20 
58 
27 
12 
3 
DISCUSSION 
Ihe rumen fermentation system is one of the most active anaerobic eco-
systems involved in the degradation of vegetable material. For this 
reason application of rumen fermentation processes to the degradation 
of lignocellulosic waste materials in an industrial scale anaerobic 
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TABLE 5. Fibre degradation (% d.w.) m continuous culture between day 
θ and 19 after inoculation with 15 ml (1:100, v/v) rumen fluid 
Fibre fraction Degradation 
(%) 
NDF 74 
ADF 59 
Cellulose 71 
Hemicellulose 88 
Lignm 3 
digester could be of great importance provided that: 
1. Microbial biomass retention and growth yields during the in 
vitro fermentation are similar to those found in vivo. 
2. Digester performance is stable over extended periods of ture. 
3. Replacement of the natural substrates like grass by lignocellu-
losic wastes results in similar activities of the rumen micro­
bial population. 
Therefore it is of great importance to develop a continuous fermenta­
tion system which closely approximates in vivo conditions. A major 
characteristic of the rumen is that retention times of microbia] bio-
mass and solid substrate are significantly longer compared to the re­
tention tuns of the fluid (Weiler and Pelgrim, 1974) . It has been de­
monstrated that most of the rumen microorganisms, comprising bacteria, 
protozoa and fungi are associated with the food particles, either by 
attachment or by sequestration (Akin and Barton 1983). In this way an 
efficient removal of acid fermentation products together with a pro­
longed retention of rumen microorganisms is ensured. 
A number of continuous culture devices have been reported with the 
primary goal to study ruiten microbial fermentation (Rufener et al 
1963; Slyter et al 1964; Abe and Rumeno 1973; Weller and Pelgrim 
1974; Hoover et al 1976; Abe and Rurihara 1984) . In continuous cul­
ture an efficient end product removal and biomass retention have been 
acconplished by means of dialysis (Abe and Rumeno 1973), sequestration 
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(Weller and Pelgrim 1974; Czerkawski and Breckenridge 1977; Abe and 
Kurihara 1984), or by filtering techniques (Hoover et al 1976). Be-
cause dialysis and sequestration techniques are probably difficult to 
realize in full scale digester design, a filtration technique was used 
in this study. The fiJ.tration technique showed stable performance during 
long-term operation without regeneration or changing of filters. This 
is an improvement with respect to the filtering technique described by 
Hoover et al (1976), who reported that filters needed to be changed 
every other day in order to keep filter flows constant. 
The results of the short-term incubations conducted at different 
HPT values indicated that optimum fermenter performance was maintained 
when HPT ranged from 11 h to 14 h. These values approximate HRT values 
that have been reported for the in vivo situation (Hungate 1966) . The 
decrease in fibre degradation and protozoal numbers observed at de-
creased fluid flow rates may be a result of increased end product con-
centrations and a lower fententer pH under these conditions. It has 
been demonstrated in numerous studies that a low pH has a negative ef-
fect on rumen fermentation in vivo and in vitro (References in Erfle 
et al 1982). Since variations of fluid flow rates affect both pH and 
acid product removal rates directly, it was not possible to evaluate 
the independent effects of pH and VFA concentrations in this study. By 
using pH-controlled continuous cultures. Hoover et al (1984) found 
that fibre degradation was more closely related to pH-variations than 
to dilution rates. These results, together with our observation that 
VFA concentrations in the fermenters vere relatively constant at dif-
ferent HPT values, suggests that a short HRT is necessary in order to 
prevent acidification of the fententer contents. Together with the 
need for a relatively high fluid removal rate, SRT must be long enough 
to prevent washout of rumen microorganisms. This means that the dif-
ferential removal rates for solids and liquids are of utmost impor-
tance in order to maintain the efficiency of the fementation process. 
The results of the 65-days fermentation period clearly demonstrate 
that, after an equilibration period of approximately 5-7 days, steady-
state conditions could be maintained with respect to ciliate numbers, 
fibre degradation and fermentation product formation. Except for ci-
liate numbers, vtfiich vere somevíiat Іо даг, all other parameters mea­
sured were comparable to values reported for the in vivo situation 
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(Weller and Pelgrim 1974; Hungate 1966). 
Lignin degradation during the first and second digestion period 
vere treasured to be 42 and 53%, respectively. Contrary to previous re-
ports (Zeikus et al 1982) in which it was stated that lignin is not 
degradable in the absence of oxygen. Benner et al (1984) presented 
evidence for lignin degradation by sediment microflora under anaerobic 
conditions. However, this process proceeded very slowly. In our expe-
riments SRT was only 60 h and therefore it is unlikely that the loss 
of lignin measured at this retention time was due to anaerobic degra-
dation. Ihe apparent digestion of lignin is probably due to the 
solubilization of low molecular lignin through the action of rumen mi-
croorganisms on forage, as was reported before (Gaillard and Richards 
1975; Fahay and Jung 1983). This is in agreement with our observation 
that oatstraw lignin becomes soluble during anaerobic incubation with 
Tr-Lchoderma cellulase (Gijzen et al unpublished results) . Therefore 
the apparent degradation of lignin observed in the rumen or during in 
vitro rumen fermentation is probably a secondary effect resulting from 
the fermsntation of other cell wall polymers. Consequently lignin 
should not be used as a marker during in vivo digestion studies. 
A limitation for the application of rumen microorganisms to the 
industrial fermentation of lignocellulosic waste materials could be 
caused by the relatively small inoculum volume which is available for 
start up of a digester. As a consequence, a relatively snail number of 
rumen microorganisms should be able to grow out to normal numbers in a 
digester. Growth of rumen microorganisms in the rumen of meroxenic 
lambs receiving a small inoculum of rumen fluid is known to be a fast 
process (Fonty et al 1983). Our results show that also in vitro high 
numbers of protozoa ware reached within 8-10 days after inoculation 
with rumen fluid at a 100-fold dilution. The same is probably true for 
bacterial numbers, since Coleman (1975) demonstrated that growth of 
ciliatçs is related to bacterial numbers in protozoal cultures. Thus a 
small inoculum volume results into normal numbers of microorganisms 
and consequently in nornal fermentation characteristics after a rela-
tively short adaptation period. 
An important question that remains to be answsred is whether re-
placement of the natural substrate grass by lignocellulosic waste ma-
terials is possible without significantly decreasing fermenter per-
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formance. Since many types of organic wastes are already being used as 
an animal feedstuff, especially for ruminants, the anaerobic degrada-
tion of these materials by rumen microorganisms in a digester should 
be possible too. 
The reactor performance data described in this study provide a 
basis for further studies with respect to the fermentation of ligno-
cellulosic waste materials. The predominant end products of the ruiten 
fermentation process are VFA and to a lesser extent biogas. Since VFA 
concentrations are too low for an economically feasible separation of 
these acids as a source of bulk production, it seems more attractive 
to convert these products into biogas. The coupling of the artificial 
rumen fermenter to a methane reactor and the utilization of lignocel-
lulosic waste materials will be reported in a next series of papers. 
REFERENCES 
Abe M, Rumeno F (1973) In vitro simulation of rumen fermentation: Ap-
paratus and effects of dilution rate and continuous dialysis on 
fermentation and protozoal population. J Anim Sci 36:941-949 
Abe M, Kurihara Y (1984) Long-term cultivation of certain rumen pro-
tozoa in a continuous fermentation system supplemented with 
sponge materials. J Appi Bacteriol 56:201-213 
Akin DE, Barton FE (1983) rumen microbial attachment and degradation 
of plant cell walls. Fed. Proc. 42: 114 - 121 
Benner R, Maccubbin AE, Hodson RE (1984) Anaerobic biodégradation of 
the lignin and polysaccharide components of lignocellulose and 
synthetic lignin by sediment microflora. Appi Environm Microbiol 
47:998-1004 
Callander IJ, Barford JP (1983) Recent advances in anaerobic digestion 
technology. Process Biochemistry 18:24-30 
Coleman GS (1975) The interrelations between rumen ciliate protozoa 
and bacteria. In: McDonald IW, Warner ACI (eds) Digestion and 
metabolism in the ruminant. Annidale, New South Wales, Austra-
lia: University of New England Publishing unit, p. 149-164 
Crawford RJ Jr, Hoover WH, Knowlton PH (1980) Effects of solids and 
liquids flows on fermentation in continuous culture. I. Dry 
matter and fibre digestion, VFA production and protozoa numbers. 
J Anim Sci 51:975-986 
Czerkawski JW, Breckenridge G (1977) Design and development of a long-
term rumen simulation technique (Rusitec). Br J Nutr 38:371-385 
Erfle JD, Boila RJ, Teather RM, Mahadevan S, Sauer FD (1982) Effect of 
pH on fermentation characteristics and protein degradation by 
rumen microorganisms in vitro. J Dairy Sci 65:1457-1464 
53 
Fahay GC Jr, Jung HG (1983) Lignm as a marker in digestion studies: A 
review. J Anim Sci 57:220-225 
Fonty G, Govet Ph, Jouany JP, Senaud J (1983) Ecological factors de-
termining establishment of cellulolytic bacteria and protozoa m 
the rumens of meroxenic lambs. J Gen Microbiol 129:213-223 
Gaillard BDE, Richards GN (1975) Presence of soluble lignm-carbohy-
drate complexes in the bovine rumen. Carbohydr Res 42:135-145 
Goering HK, van Soest PJ (1970) Forage fiber analysis. USDA, ARS Agri-
cultural Handbook No. 379 
Han YW, Pence JW, Anderson PW (1975) Dioxane treatment to improve mi-
crobial digestibility of cellulosic fibers. Appi Microbiol 29: 
708-709 
Hobson PN, Bousfield S, Summers R (1974) Anaerobic digestion of or-
ganic matter. CRC Crit Rev Environm Control 4:131-191 
Hobson PN, Reíd GW, Sharma VK (1984) Anaerobic conversion of agricul-
tural wastes to chemicals or gases. In· Ferrerò GL, Ferranti MD, 
Naveau H (eds) Anaerobic digestion and carbohydrate hydrolysis 
of waste. Elsevier applied science publishers, London, New York, 
p. 369-381 
Hoover WH, Crooker BA, Sniffen CJ (1976) Effects of differential 
solid-liquid removal rates on protozoa numbers in continuous cul-
tures of rumen content. J Anim Sci 93: 528-535 
Hoover WH, Kincaid CR, Varga GA, Thayne WV, Junkins LL Jr (1984) Ef-
fects of solids and liquid flows on fermentation in continuous 
cultures. IV pH and dilution rate. J Anim Sci 58:692-700 
Hungate RE (1966) The rumen and its microbes. Academic Press, New York 
Millet MA, Baker AJ, Satter LD (1975) Pretreatments to enhance che-
mical, enzymic and microbiological attack of cellulosic mate-
rials. Biotechnol Bioeng Symp 5:193-219 
Rufener WH Jr, Nelson WO, Wolin MJ (1963) Maintenance of the rumen mi-
crobial population in continuous culture. Appi Microbiol 
11:196-201 
Slyter LL, Nelson WO, Wolm MJ (1964) Modifications of a device for 
maintenance of the rumen microbial population in continuous cul-
ture. Appi Microbiol 12:374-377 
Van den Berg L (1984) Developments in methanogenesis from industrial 
waste water. Can J Microbiol 30:975-990 
Weland AF, Cheremisinoff PN (1975) Anaerobic digestion of sludge II. 
Water Sewage Works 122:45-47 
Weiler RA, Pelgrim AF (1974) Passage of protozoa and volatile fatty 
acids from the rumen of the sheep and from a continuous in vitro 
fermentation system. Br J Nutr 32:341-352 
Zeikus JG, Wellstein AL, Kirk TK (1982) Molecular basis for the bio-
degradative recalcitrance of lignm in anaerobic environments. 
FEMS Microbiol Lett 15:193-197 
54 
CHAPTER 3 
CONTRIBUTION OF RUMEN PROTOZOA 
TO FIBRE DEGRADATION AND CELLULASE ACTIVITY IN VITRO 
Gijzen HJ, Lubberding HJ, Gerhardus M, Vogels GD, 
(submitted for publication) 

SUMMARY 
The contribution of ciliates to rumen fermentation was estimated by 
determination of overall fibre degradation and cellulase activities in 
faunated and defaunated 'artificial rumen' cultures. Experiments 
performed at loading rates of 22.5 and 35 g.l .d of a grass-grain 
substrate revealed that fibre degradation was significantly Іо даг in 
the absence of ciliates only at the high loading rate. Ihis effect of 
defaunation was smaller at dilution rates below 1.7 fermenter volume 
turnovers per day. Bacterial numbers vere higher in all experiments 
after removal of ciliates. Fractionation studies demonstrated that 
ciliates accounted for 19-28% of the total cellulase activity in 
faunated cultures fed on filter paper cellulose. 
INTRODUCTION 
Fibre degradation in the rumen is carried out by a mixed population 
of various kinds of bacteria, ciliate protozoa and phycomycete fungi. 
Although much is known about the predominant hydrolytic bacteria which 
have been studied in pure culture, the role of rumen ciliates in the 
degradation of plant cell wall polymers is still controversial. 
A wide range of plant cell wall degrading enzymes have been detected 
in various species of rumen ciliates (Orpin, 1984; Coleman, 1986) and 
electron microscopic studies have revealed that they were involved in 
fibre degradation (Akin and Amos, 1979). Ciliate protozoa are present 
in large numbers and their biomass approximates that of the bacteria 
(Hungate, 1966). For this reason ciliates were considered to be essen­
tial to the ruminant, but many in vivo studies have demonstrated that 
ruminants can survive without a protozoal population present. However, 
fibre degradation and animal vreight gain vere usually lower in the 
absence of ciliates (Abou Akkada and El-Shazly, 1964; Kurihara et al, 
1978; Jouany and Senaud, 1979) although no effect or a positive effect 
of defaunation has been reported as vrell (Luther et al, 1966; Eadie 
and Gill, 1971; Brid and Leng, 1978). The contradictory results might 
be attributable to in vivo conditions which are too complex and varia-
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ble. 
The present study was conducted to establish the effect of defauna-
tion on fibre degradation in vitro by means of an 'artificial rumen' 
fermenter (Gijzen et al, 1986), in which conditions are more reprodu­
cible. The role of ciliates was established at different conditions of 
loading rate and substrates applied. In order to quantify the invol­
vement of ciliates in fibre digestion, cellulase activity was deter­
mined in various fractions of faunated and defaunated cultures fed on 
cellulose. 
MATERIALS AND METHODS 
Fermenter design and operation 
In vitro fermentations wsre carried out in 3 L volume continuous 
cultures at 390C with differential removal rates of solids and liquids, 
as was described previously (Gijzen et al, 1986) . A fistulated sheep 
was the source of strained rumen content (250 ml) for fermenter inocu­
lation. The solid substrates consisted of a grass-grain mixture accor­
ding to Hoover et al (1976) or of a mixture of filterpaper cellulose 
(Whatman, grade 91) and ground alfalfa (van Heeswijk, Veghel, the 
Netherlands). The substrates were added once daily at desired loading 
rates, except at the day of inoculation, when twice the normal loading 
rate was fed. The chemical composition of the substrates is shown in 
Table 1. Mineral buffer solution according to Rufener (1963) was used 
as a fermentation medium. During the experiments with the grass-grain 
substrate. If cellulose was used as a predominant fermenter feed, the 
fermentation medium was supplemented with 28 nmol.l NH.C1 (loading 
-1 -1 
rate of 13 g cellulose. 1 .d ) or NH.HCO, (loading rates of 15 or 20 
-1 -1 -Γ 
g.l .d ) and trace elements (0.2 ml.l ) according to Vishniac and 
Santer (1957). 
Desired retention times of solids (SRT) and liquids vere establish­
ed by adjusting the rate of fermentation msdium supply and filtered 
effluent removal. Homogeneous fermenter contents was removed once 
daily, shortly before substrate addition. All fermenters were operated 
at an average vrorking volume of 1.5 1. 
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Table 1. Composition of the substrates (means ±SD) 
Determination 
Dry weight (%) 
Ash 
NDF 
ADF 
Hemicellulose 
Cellulose 
Lignin 
Cell solubles 
Grass-grain 
93.8±0.9 
2.0±0.2 
48.1+1.7 
23.1+0.5 
25.0±1.8 
19.1±0.7 
4.0±0.5 
49.9±1.7 
alfalfa 
92.9±0.8 
7.6+0.4 
47.3±0.3 
33.6І0.5 
13.710.5 
25.6І0.3 
8.0+0.8 
45.1+0.4 
FPCa 
93.910.1 
0.2+0.1 
ndb 
nd 
nd 
98.5 
nd 
1.3 
a 
Filter paper cellulose 
b 
nd = not determined 
Defaunation 
Experiments vrere started by simultaneous inoculation of two ferrren-
ters, which were operated at completely identical conditions. After an 
acclimatization period of 7 days, one of the fermenters was defaunated 
by the addition of cycloheximide (0.47 itM) . After another acclimatiza­
tion period of 7 days fententation products and fibre degradation vrere 
determined over periods of 7 and 3 days, respectively. During this 
period 10-ml samples ware withdravm from the fermenter contents every 
other day for determination of pH, VFA, and protozoal numbers. 
Cellulase distribution among bacteria and protozoa 
A schematic flow diagram of the separation of bacteria and ciliate 
protozoa is presented in Fig 1. The fractionation was modified from 
the procedure described by Williams and Stracken (1984). 
Total activity. Total activity was determined on homogeneous culture 
content (TA). 
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Figure 1. Schematic diagram of the fractionation of culture content 
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Activity in filter effluent. Soluble cellulase activity was deter­
mined on supemantant obtained after centrifugation (48,000 χ g, 10 
min, 40C) of filter effluent (Fl). Cellulase activity of free bacteria 
(F2) was calculated by subtracting Fl from the activity of total 
filter effluent (Fx). 
Activity of attached bacteria. Hcurogeneous culture content was al­
lowed to stand for 30 min at 40oC, resulting in a floating layer of 
substrate and a liquid phase. The liquid was reiroved by suction and 
filtered. The substrate layer was mixed with 250 ml fermentation 
itedium (40oC) and filtered. Total filter residue was washed once with 
250 ml fermentation medium (40oC). Activity of attached bacteria was 
determined on the filter residue (F3). 
Activity of ciliates. Ciliates present in the combined filtrate 
vrere allowed to settle down in a seaparation tunnel. The layer of 
protozoa was centrifuged gently (250 g, 2 min) and cellulase activity 
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of the obtained pellet was determined (F4). 
During the entire procedure ciliates were still viable under the 
microscope, although their total number decreased. Protozoa даге 
counted in all steps of the fractionation procedure. Corrections vrere 
made for the loss of protozoa during the fractionation procedure. 
Analytical methods 
Neutral detergent fibre (NDF), acid detergent fibre (ADF), hemicel-
lulose (HC), cellulose (C) and lignin (L) (Permanganate method) 
content of substrates and of fermenter samples (50 ml) taken during 
the 3 days digestion period were analysed in duplo according to 
Goering and van Soest (1970). The extent of fibre digestion was calcu­
lated as described previously (Gijzen et al, 1986). Biogas production 
was measured daily by means of a 10 1 mariotte flask containing acidi­
fied tap water (about 0.02% HCl) and methane content was determined 
according to Hutten et al (1981). 
Bacterial numbers were determined during steady-state on 1 ml 
samples of homogeneous fermenter content. After addition of 1 ml 
bidest, the samples were mixed vigorously for 5 min and subsequently 
diluted (100 fold) with fermentation medium. Ciliates and plant fibres 
were removed by centrifugation (75 g, 10 min) and bacterial numbers in 
the supernatant were measured by microscopical enumeration. Since it 
was not possible to release all the bacteria attached to the substra­
tes, bacterial numbers determined in this way should be regarded as a 
relative measure of the total number. Determination of VFA, protozoal 
numbers and species distribution, were as described previously (Gijzen 
et al, 1986). 
Cellulase activity was determined on the various fractions derived 
from the fractionation procedure (Fig 1). Cells, in a volume of 25 ml, 
were broken by ultrasonic disintegration (Branson B12, Danburg, 
Connecticut) at 40C in the presence of glass beads (0 4 inn) . After 
five 30-S periods of sonication with 30-S intervals, the mixture was 
centrifuged at 48,000 g during 15 min. The pellet was resuspended in 
distilled water and the sama procedure was repeated tvro times. By the 
three successive sonication steps about 90% of the cellulase activity 
was extracted f rem the cells (Lubberding et al, in preparation). 
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Cellulase activity was determined in the supernatant by measuring the 
amount of reducing sugars released from carboxymethylcellulose (CMC, 
0.5% in 0.1 M Na-acetate buffer, pH 5.5) after 20 min. The content of 
reducing sugars was determined according to the Nelson and Somogyi 
procedure (Somoqyi, 1952). 
RESULTS 
Effect of defaunation on fibre degradation 
Preliminary experiments with respect to various defaunation methods 
indicated that a temperature shock (480C, 30 min) was very effective 
in the elimination of ciliates in mixed cultures of rumpn micro­
organisms (results not shown). However, it cannot be excluded that 
this defaunation method also affects bacterial populations and 
therefore cycloheximide was used in this study as a more specific 
defaunating agens acting on eucaryotic cells only. 
The digestion of a grass-grain mixture in favmated and defaunated 
continuous cultures was established in tvro sets of experirtents at 
loading rates of 22.5 and 35 g.l .d . Dilution rate and SRT vrere 
adjusted at 1.8-2.2 fermenter volume turnovers per day (FV.d ) and 
60 ± 1 h, respectively, for both sets of experiments. Steady-state 
degradation of cell wall polymers {ШУР) was almost similar in faunated 
and ciliate free cultures operated at a loading rate of 22.5 g.l .d 
(Table 2). However, at a loading rate of 35 g.l .d degradation 
efficiencies of all fibre fractions except HC were significantly 
higher (P<0.01) in faunated cultures (Fig 2). The differences were 
most pronounced for cellulose and lignin fibre fractions, whereas the 
difference in HC digestion was not significant (P>0.05). 
A similar tendency was observed for fermentation product formation 
at loading rates of 22.5 and 35 g.l .d (Table 2). Elimination of 
ciliates had no effect on fermentation products at a loading rate of 
22.5 g.l .d , but at the higher loading rate defaunation resulted in 
a decreased production of VFA (P<0.01) and biogas (P>0.05). The 
individual variations in biogas production даге too large to show a 
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Table 2. Effect of loading rate on steady-state fermentation (means ± SE) In faunated 
and defaunated continuous cultures fed on a grass-grain mixture 
Determination 
VFA production (mmol.l .d ) 
molar %, acetate 
propionate 
butyrate 
pH 
Methane production (1.1. .d ) 
Clllate number dO^.ml" 1) 
-..8 -1, 
loading 
a 
20 
FC 
105 ±4 
66 
21 
13 
6.73±0.05 
1.6*0.2 
57*12 
e 
rate (g, 
DFd 
101±3 
66 
22 
12 
6.77±0.l 
1.5±0.2 
-
„
r
e 
.Γ
1
.^
1) 
35Ь 
F 
m ± 3 
66 
21 
13 
ЭЗ 6.11*0.17 
2.2*0.3 
85*20 
DF 
128*7 
67 
21 
12 
' 6.26*0.16 
1.8*0.2 
-
Bacterial number (10 ml ) 
NDF degradation (%) 
36 75 39*2 89*17 
73.7*5.3 73.0*5.8 66.0*3.3 56.3*2.7 
a η = 3 
b η = 6 
с faunated 
d defaunated 
e η = 2 
significant difference. In contrast to the often reported increase in 
the proportion of propionate or butyrate by defaunation (Demeyer, 
1981; Jouany et al, 1981), no effect of ciliates was observed in this 
study with respect to the molar proportions of invididual VFA. As is 
shown in Table 2, the elimination of ciliates resulted in a consider­
able increase in bacterial numbers at both loading rates. 
Although steady-state ciliate numbers were somewhat higher at the high 
loading rate, population composition was not altered by loading rate. 
To establish the effect of dilution rate on NDF digestion in both 
faunated and defaunated cultures 5 pairs of experiments were performed 
at dilution rates varying from 1.3 to 2.2 FV.d . SPT and loading rate 
were 60 h and 35 g.l .d , respectively, for all experiments. 
Previously vre demonstrated that low dilution rates had a negative 
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NDF ДОР НС С 
Figure 2. Steady-state fibre degradation in the presence (CD) and 
absence (•) of cillâtes, (average ± SE, η = 6) 
12 16 20 2 1 
Dilution rate ( F V - d ' 1 ) 
Figure 3. Effect of dilution rate on steady-state ciliate number and 
NDF degradation in faunated ( · ) and defaunated (о ) 
continuous cultures 
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Table 3. Effect of cellulose loading rate on steady-state 
(means 1SD) In faunated and defaunated continuous cultures 
fermentation 
Déterminâtion 
VFA production (mmol.l .d ) 
Molar %, acetate 
propionate 
butyrate 
pH 
Methane production (l.l"1^"1) 
dilate number (ІСР.тГ ) 
8 -1 
Bacterial number (10 .ml ) 
loading rate 
16.3 
F 
126±9 
70 
21 
8 
6.53±0.24 
1.7±0.2 
65±3 
120C 
DF 
122±16 
71 
22 
7 
6.55*0.28 
1.8±0.3 
-
178° 
(g.r1^' 
23, 
F 
170±17 
72 
19 
9 
6.6010.: 
2.8±0.4 
72±7 
229±33 
•s 
.3 
DF 
163*18 
74 
19 
7 
22 6.59*0.19 
2.8*0.4 
-
366*69 
a faunated 
b defaunated 
с η » 2 
Table 4. Effect of substrate composition on steady-state ciliate species distribution 
(% of total) in continuous culture 
Group 
Dtplodmium 
Entodinmm 
bpidmtum 
Holotrlchs 
Inoculum 
13*4 
68*3 
3*1 
16*4 
Grass-grain 
45*7 
31*6 
24*2 
0 
FPCa 
86*5 
8*4 
6*3 
0 
a filter paper cellulose 
effect on ciliate numbers and NDF digestion in faunated continuous 
cultures (Gijzen et al, 1986) . Fig 3 shows that NDF digestion in 
defaunated cultures was also positively correlated to dilution rate, 
but degradation efficiencies were lower as compared to faunated 
cultures at all dilution rates tested. Hcwsver, the differences in NDF 
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degradation between faunated and defaunated cultures were smaller at 
lower dilution rates. At the same time, ciliate numbers in faunated 
cultures decreased markedly at lower diultion rates (Fig 3). 
The effect of defaunation was also investigated with filter paper 
cellulose as a predominant substrate, fed at loading rates of 13 and 
20 g.l .d , including 3.3 g.l .d of ground alfalfa. In these 
experiments the addition of a smal] amount of alfalfa as an undefined 
source of nutrients appeared to be necessary (data not shown). Since 
the cellulose was completely degradable no solids were removed from 
the cultures, except for sanple analyses. Dilution rate was kept at 
2.0 FV.d for all experiments. Ihis mode of operation resulted in a 
virtually complete digestion (98-100% of NDF) of the substrates at 
both loading rates, irrespective of the presence of ciliates. 
Production of VFA and biogas were directly proportional to the 
loading rate applied and were similar in faunated and defaunated 
cultures (Table 3). Bacterial numbers were higher in defaunated 
cultures at both loading rates. Furthermore ciliate and bacterial 
numbers were higher at the high loading rate. Ciliate species composi-
tion of cellulose fed cultures differed markedly from grass fed 
cultures and from the inoculum (Table 4). These differences are 
probably a result of differences in substrate composition (Gijzen et 
al, 1987). 
Cellulase activity in faunated and defaunated cultures 
Besides overall degradation studies, also the distribution of 
cellulase activity was established in order to quantify the contribu-
tion of ciliates in fibre degradation. For this purpose faunated and 
defaunated cultures fed on filter paper cellulose were run parallel to 
each other. The cultures were maintained at a loading rate of 17 
g.l" .d~ (including 2 g of alfalfa), while SFT and dilution rate were 
at 240 h and 2.0 FV.d , respectively. A completely degradable sub-
strate was used to eliminate the interference of residual substrate in 
the fractionation procedure. 
Total cellulase activity, expressed as g CMC.l" .d" (corresponding 
to about 0.1 mg O C .min" . mg" protein) of the defaunated culture was 
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Table 5. Cellulase activity in various fractions of faunated and 
defaunated cultures fed on filter paper cellulose 
Fraction 
TA 
Fl 
T2 
F3 
F4 
Faunated 
(n = 5) 
215±39 
12±9 
12±9 
94±35 
45±35 
ic 
(7) 
(7) 
(58) 
(28) 
Parallel 
Faunated 
(n = 2) 
231 
3 (2) 
12 (7) 
127 (72) 
35 (19) 
d 
experiments 
Defaunated 
(n = 2) 
169 
7 (5) 
20 (13) 
125 (82) 
0 (0) 
a Cellulase activity is expressed as g CMC degraded.1 .d 
(within brackets: percentage of total activity) 
b For explanation of fractions, see Fig 1 
с Average (±SD) of 5 fractionations 
d Average of two parallel fractionations 
about 75% of the activity of the faunated one (Table 5). The diffe­
rence can be ascribed to the absence of ciliates. The cellulase acti­
vity of the substrate-bound bacteria is about the same in both 
cultures, suggesting that cellulolytic bacteria do not account for the 
increased bacterial numbers usually observed in defaunated cultures. 
Under the conditions applied, the contribution of ciliates in cellul­
ase activity is estimated to be about 19-28%. 
DISCUSSION 
The results of in vivo studies are not consistant with respect to 
the role of ciliates in fibre degradation (Abou Akkada and El Shazly, 
1964; Kurihara et al, 1978; Jouany and Senaud, 1979; Luther et al, 
1966; Eadie and Gill, 1971; Bird and Leng, 1978). "Ше experiments 
described in this study clearly demonstrate that degradation in fauna­
ted and defaunated cultures vas strongly affected by loading and 
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dilution rates. Moreover Crawford et al (1980) deironstrated an effect 
of solid retention tine on degradation and ciliate numbers in vitro. 
Since these parameters may vary widely in vivo, studies on faunted and 
defaunted ruminants should be regarded with caution. 
In vitro conditions, on the other hand, are irore standardized and 
reproducible, but the maintenance of high numbers of ciliates is 
required to establish the role of these organisms. An additional advan-
tage of in vitro conditions is the possibility of using cycloheximide 
as a specific and efficient defaunating agens. 
The results of in vitro digestibility studies with the grass-grain 
diet sheared that the favourable effect of ciliates on overall diges-
tion was most pronounced at high loading and dilution rates. NDF 
degradation efficiency at low dilution rates was only slightly higher 
m faunated cultures, probably as a result of the low ciliate numbers 
observed under these conditions. The enhancement of degradation effi-
ciency in the presence of ciliates was most explicit for cellulose and 
lignm fibre fractions. Lignin degradation in the faunated cultures 
was more than twice as high as in the absence of ciliates. Although 
lignin degradation m the rumen is probably due to solubilization of 
low molecular fragments (Gaillard and Richards, 1975), these results 
suggest an active involvement of ciliates in apparent lignin diges-
tion. 
The lower bacterial numbers observed in faunated cultures are in 
agreement with previous reports (Kurihara et al, 1968; Eadie and Gill 
1971) and probably result from the predatory action of ciliates on 
bacteria (Coleman, 1975). Because of this secondary effect of defauna-
tion, it was not possible to establish the exact contribution of 
ciliates m overall fibre digestion. 
Another approach in establishing the involvement of ciliates in 
plant cell wall degradation was made by determination of cellulase 
activity in various fractions of faunated and defaunated cultures. 
Although degradation was about complete both in the absence and 
presence of ciliates when filter paper cellulose was used as a predo-
minant diet, total cellulase activity was higher in the faunated 
culture. In spite of the considerably higher number of bacteria in the 
defaunated culture bacterial cellulase activities in both cultures 
were about the same. This may be explained by the predatory action of 
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ciliates on bacteria, which was reported to favour the metabolic acti­
vity of bacteria (Kurihara et al, 1968; Demeyer and van Nevel, 1979) . 
Under the conditions applied, ciliates accounted for about 19-28% of 
the total cellulase activity in the faunated culture. 
At relatively low loading rates bacterial activity appeared to be 
sufficient to establish the same overall degradation as in the fauna­
ted situation. Howsver, under conditions of high loading and dilution 
rates the presence of ciliates resulted in a significantly higher 
degradation. The results presented in this study indicate that 
ciliates contribute substantially in fibre degradation under all 
conditions applied. 
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CHAPTER 4 
HIGH-RATE TWO-PHASE PROCESS FOR THE ANAEROBIC DEGRADATION 
OF CELLULOSE, EMPLOYING RUMEN MICROORGANISMS FOR AN 
EFFICIENT ACIDOGENESIS 
Gijzen HJ, Zwart KB, Verhagen FJ, Vogels GD, 
(submitted for publication) 

SUMMARY 
A novel tvro-stage anaerobic process for the microbial conversion of 
cellulose into biogas has been developed. In the first phase a mixed 
population of rumen bacteria and ciliates was used in the hydrolysis 
and fermentation of cellulose. The volatile fatty acids (VFA) produced 
in this acidogenic reactor were subsequently converted into biogas in 
a UASB-type methanogenic reactor. 
A stepwise increase of the loading rate from 11.9 to 25.8 g vola-
tile solids per liter reactorvolume per day (g VS.l .d ) did not af-
fect the degradation efficiency in the acidogenic reactor, whereas the 
methanogenic reactor appeared to be overloaded at the highest loading 
rate. Cellulose digestion was almost complete at all loading rates ap-
plied. 
The two-stage anaerobic process was also tested with a closed fluid 
circuit. In this instance total methane production was 0.438 1 CH..g 
VS added, which is equivalent to 98% of the theoretical value. 
The application of rumen microorganisms in combination with a high-
rate methane reactor is proposed as a means of efficient anaerobic de-
gradation of cellulosic residues to methane. Because this novel tvro-
phase system is based on processes and microorganisms of the ruminant, 
it will be referred to as 'rumen derived anaerobic digestion' (RUDAD) 
process. 
INTRODUCTION 
Cellulosic biomass is produced as a solid waste product by agricul-
tural and industrial activities, but on the other hand it may be con-
sidered as a potential resource for the production of biofuels like 
ethanol (Wiegel, 1982; Pieber and Ibha, 1982) or biogas (Hobson, 1982; 
Hobson et al, 1984). Anaerobic digestion of cellulosic residues could 
provide an attractive means of waste reduction and waste stabilization 
with simultaneously recovery of methane as an energy source. Hovrever, 
in contrast to the situation with dissolved organic conpounds present 
anaerobic treatments of solid organic waste materials lack high degra-
dation efficiencies. Conversion of cellulose into biogas proceeds by 
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the action of various, metabolicly diverse populations of microorga-
nisms, comprising hydrolytic, fermentative, hydrogen-producing aceto-
genic and methanogenic species (Zinder, 1984). Hydrolysis of cellulose 
is generally considered as the rate-limiting step in the overall de-
gradation. Therefore an enhancement of the cellulolytic activity in 
bioreactors is of utnost importance for an economically feasible anae-
robic degradation process. 
A widespread natural cellulolytic system which operates with high 
efficiency is present in the rumen of ruminants (Wolin and Miller, 
1983; Hungate, 1982). Several of the predominant bacteria and ciliates 
of this system are known tot exhibit high levels of cellulase activi-
ty, by which even crystalline cellulose can be hydrolysed (Rüssel, 
1985; Coleman, 1983) . In a previous paper we proposed the application 
of rumen microorganisms for an improved degradation of cellulosic re-
sidues and we have described a simple continuous cultivation system 
for rumen microorganisms, including ciliates (Gijzen et al, 1986). By 
the use of this system a high rate conversion of a grass-grain mixture 
into volatile fatty acids (VFA) and biogas could be obtained. The pro-
duced VFA should be removed efficiently in order to prevent acidifi-
cation of the fementation medium and to maintain a high degradation 
activity. 
The present paper reports the high-rate two-phase conversion of 
filter paper cellulose into biogas at various loading rates. Hydroly-
sis and acidogenesis of the cellulose proceeded in the first reactor 
by the action of rumen microorganisms, whereas the produced VFA were 
subsequently converted into biogas in the second reactor. By placing 
the liquids of both reactors into serial interconnection a closed sys-
tem was obtained which converts solid substrates into biogas. 
MATERIALS AND METHODS 
Acidogenic phase 
Acidogenesis from cellulose was performed in a 3 liter volume con-
tinuous 'artificial rumen' fermenter as was described previously 
(Gijzen et al, 1986). Inoculation and operation conditions of the fer-
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Figure 1. Schematic diagram of the two-stage anaerobic process used 
for the conversion of cellulose to methane. A) acidogenic 
reactor, B) 30 jm pore size filter, C) UASB-type methane 
reactor, D) filter effluent removal pump, E) methanogenic 
reactor effluent, F) rotary shaker, G) manette flask, H) 
fermentation medium reservoir, I) fermentation medium sup­
ply pump. 
msnter device were slightly modified. Buffer solution according to 
Rufener et al (1963) was modified by the addition of NH.HCO, (2.2 
-1 -1 
g.l ) or NH.C1 (1.5 g.l ) as a nitrogen source and trace elements 
_i q 
(0.2 ml.1 ) according to Vishniac and Santer (1957). Experiments wsre 
started by inoculating fermenters with 250 ml strained rumen fluid ob­
tained from a fistulated sheep. After inoculation the fermenters were 
filled with buffer solution to a working volurte of 1.5 1. Buffer input 
and filtered effluent flow rates were adjusted to 2.0 fententer 
volumes per day (FV.d ) for all experiments. No solids were withdrawn 
from the fermenters during the experimental period except for sample 
analysis. The substrate supplied to the fermenters consisted of filter 
paper cellulose (Whatman, grade 91), which was reduced to a particle 
size of 5 to 10 itm, supplemented with ground (1-2 шп) alfalfa hay (van 
Heeswijk, Veghel, the Netherlands) as an additional nutrient source. 
The substrate was added once daily, except the first day, when twice 
the normal daily amount was administered. 
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Methanogenic phase 
The acidogenic reactor was placed in serial connection with an up-
flow anaerobic sludge blanket (UASB) methane reactor with a total vo­
lume of 2.5 1. The methanogenic reactor consisted of a glass cylinder 
(9 cm internal diameter, 28 an height) with a water jacket, a conical 
shaped bottom (5 an height) and a settler and gas collection compar­
timent. Biogas was collected by means of an inverted funnel construc­
tion in the gas collection compartimsnt. The volume of the gas collec­
tion compartiment was 0.5 1. The reactor was started by the use of 
about 1.25 1 settled granular sludge (78 g VS.l ), which was obtained 
from a full scale potato processing waste treatment UASB-plant (AVEBE, 
de Krim, the Netherlands). 
Liquid effluent from the acidogenic reactor, containing dissolved 
organic matter was continously fed to the methanogenic reactor at a 
rate of 3 l.d .At this flow rate the hydraulic retention times (HRT) 
in the sludge layer and methanogenic reactor wsre about 10 and 20 h, 
respectively. The effluent of the methanogenic reactor was discharged 
in the tests on the effects of cellulose loading rates. To test the 
performance of a system with a closed fluid circuit, the effluent of 
the msthanogenic reactor was continously fed to the acidogenic reac­
tor. In this case the buffer supply was disconnected. 
Both reactors vrere thermostatically controlled at 390C by means of 
a temperature bath circulator. A schematic representation of the tvro-
phase process is shown in Figure 1. 
Experimental conditions 
The effect of loading rate on the two-phase digestion process was 
studied in four short-term experiments of 35 days each. Acidogenic 
space loading rates were 10, 15, 20 and 25 g 1 .d of filter papier 
cellulose, supplemented with 3.33 g.l .d of alfalfa hay. The chemi­
cal conposition of the substrates is shown in Table 1. NH.HCCL was 
used as a source of nitrogen in all experiments, ехсерЛ at the lewsst 
loading rate, where NH.C1 was used. The effect of recirculation of the 
second phase effluent was investigated during a fermentation period of 
68 days at a loading rate of 15 g.l .d of filter paper cellulose 
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Table 1. Composition of the substrates 
Determination Alfalfa hay Filter paper cellulose 
Dry weight 
VS 
Ash 
NDF 
ADF 
Hemicellulose 
Cellulose 
Lignin 
Cell-solubles 
CODd (g 
(%) 
(% Of 
Of 
Of 
of 
of 
of 
of 
of 
ο,.,"
1 
dwb) 
dw) 
dw) 
dw) 
dw) 
dw) 
dw) 
dw) 
dw) 
92.3 
87.4 
12.6 
43.8 
31.5 
12.3 
21.8 
9.7 
43.6 
1.08 
± 
± 
+ 
+ 
± 
± 
± 
± 
± 
± 
0.6 
0.9 
0.9 
0.2 
0.7 
0.6 
0.2 
0.9 
0.6 
0.04 
93.9 ± 0.1 
99.8 ± 0.1 
0.2 ± 0.1 
n.d.C 
n.d. 
n.d. 
98.5 
n.d. 
1.3 
1.22 ± 0.02 
a Means ± standard deviation (SD) 
b Dry weight 
с Not determined 
d Chemical oxygen demand 
and 3.33 g.l .d of alfalfa hay. During this expriment NH.C1 was 
used as a nitrogen source in the fermentation medium. Complete fluid 
recirculation within the two-phase process was started 19 days after 
inoculation. 
Sampling and analyses 
Samples of 10 ml were withdrawn from the acidogenic reactor content 
and from the methanogenic reactor effluent three tines a week for de­
termination of pH, protozoal numbers (acidogenic phase only) and VFA 
concentration. During the experiments performed at different loading 
rates, sampling was started one week after inoculation, after which a 
steady-state situation was reached (Gijzen et al, 1986). The saitples 
were taken 4 hours after substrate addition, because preliminary ex­
periments (data not given) had shown that the values obtained at this 
time approximate mean values of a 24 h fermentation period. Protozoal 
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numbers and species distribution and concentrations of individual VFA 
were determined as described previously (Gijzen et al, 1986). 
Biogas production of both acidogenic and methanogenic reactors »ere 
measured daily by means of a mariotte flask containing acidified tap 
water (about 0.02% HCl). Methane content of the biogas was determined 
once every week in duplo according to Hutten et al (1981). 
Saitples for determination of protein (1 ml) and coenzyne F420 (4 
ml) vrere taken from the acidogenic reactor once a week. Extraction and 
HPLC analysis of coenzyme F420 were performed according to the method 
of Gorris and van der Drift (1986). Proteins in 1 ml homogeneous sam­
ples were extracted by the addition of 0.5 ml 1.5 N NaOH and heating 
for 30 min in boiling water. After addition of 0.5 ml 1.5 N HCl and 
0.2 ml 0.15% sodiumdeoxycholate the samples were thoroughly mixed and 
allowsd to stand for 30 min at room temperature. The samples were cen-
trifuged at 7000 g for 15 min and the protein present in the supema-
tants was precipitated with trichloroacetic acid. The precipitates ob­
tained after centrifugation (7000 g, 10 min) were suspended in 1 ml 
0.5 N NaOH and protein was estimated by the biuret method according to 
Herbert et al (1971). Pellets obtained after the first centrifugation 
step vere extracted for a second time according to the whole procedure 
and protein content obtained was added to that obtained after the 
first extraction. 
Neutral detergent fibre (ЮР), acid detergent fibre (ADF), cellu­
lose, hemicellulose and lignin content of the substrates were deter­
mined according to the method of Goering and van Soest (1970). Cell 
solubles were defined as VS minus NDF (Chandler et al, 1980). 
RESULTS 
Cellulose degradation at different loading rates 
Preliminary experiments indicated that the buffer capacity of the 
fermentation medium with NH.C1 as a nitrogen source was sufficient at 
-1 -1 loading rates up to 16.6 g VS. 1 .d . Но да ег, at higher loading 
rates a temporary acidification (pH < 5.7) and subsequent accumula­
tion of cellulose in the acidogenic reactor occurred. The acidifica-
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16 20 21 
Loading rate (gVS-1" 1 ·d" 1 ) 
Figure 2. Effect of cellulose loading-rate on the production of ace­
tate ( D ), propionate ( A ), butyrate ( о ) and total VFA 
( · ) in the acidogenic reactor. All values are expressed 
as means (± SD) during steady-state performance. 
Table 2. Effect of loading-rate on pH in acidogenic and methanogenic 
reactor effluents 
Loading-rate pH 
g VS.l .d acetogenic reactor methanogenic reactor 
11.9 
16.6 
21.2 
25.8 
6.6 ± 0.2 
6.6 ± 0.2 
6.3 ± 0.2 
6.1 ± 0.2 
7.5 + 0.1 
7.θ ± 0.1 
7.θ ± 0.2 
7.4 ± 0.4 
Mean valves ±SD 
tion resulted in irreversible effects on the fermentation process. 
Therefore NH.Cl was replaced by NH.HCO, at all loading rates except 
79 
100 
о 
60 
І.0 
20 
• Acetate 
Ш Propionate 
• Butyrate 
-
-
_ 
-
-
У. 
î 
I 
^ 
г * ^ 1 ΨΜ 
l u I I 
'X^H 
τ 
• 
J 
119 166 212 
Loading rate (gVS-r'-d" 1 ) 
25 В 
Figure 3. Effect of cellulose loading-rate on VFA conversion in the 
methanogenic reactor. All values are expressed as means (± 
SD) during steady-state performance. 
11.9 g VS. 1 .d , resulting in a higher buffer capacity of the fer­
mentation medium. 
The effect of different loading rates in the acidogenic reactor on 
various fermentation parameters vras established in 4 experiments. Each 
experiment lasted 35 days, including 7 days stabilization tiire. The 
average pH of the acidogenic reactor remained between 6.1 and 6.6 at 
all loading rates (Table 2). During the entire 35 days of continuous 
operation, less than 0.5% of the total solid substrate input was re­
moved from the acidogenic reactors by means of sampling for analyses. 
Since no significant accumulation of substrates could be observed at 
any of the loading rates applied, digestion in the acidogenic reactors 
vras considered to be virtually complete. Figure 2 shows the mean 
steady-state data on the production of VFA (concentration χ dilution 
rate) in the acidogenic reactor as a function of cellulose feeding 
rate. Total VFA production increased almost proportionally with in­
creasing loading rate, but the production lags slightly behind at the 
highest loading rate. At all loading rates applied the rrolar percen­
tages of acetate, propionate and butyrate were about 68%, 25% and 7%, 
respectively. pH values vrere affected by the increase of VFA conoen-
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tration in the acidogenic reactors (Table 2). Average degradation ef­
ficiencies of total VFA in the methanogenic reactor varied between 93% 
and 97% at loading rates up to 21.2 g VS. 1 .d , but dropped to 53% 
at the highest loading rate applied (Figure 3). At all loading rates, 
butyric acid exhibited the highest conversion. The low conversion effi­
ciency of VFA at the highest loading rate was attributable to propio­
nic acid, which passed the methanogenic reactor almost unaffected. 
12 16 20 2b 
Loading rate (д З - г Ч " 1 ) 
Figure 4. Effect of cellulose loading-rate on biogas production and 
methane content of the biogas from the acidogenic and 
methanogenic reactors. ( à ) biogas from acidogenic reac-
tor, ( D ) biogas from methanogenic reactor, ( о ) CH. 
content of biogas from acidogenic reactor, ( · ) CH con­
tent of biogas from methanogenic reactor. All values are 
expressed as means (± SD) during steady-state performance. 
Biogas and methane productions in the acidogenic reactor showed a 
close correlation to the loading rate applied (Figure 4). A propor­
tional increase of methane production in the methanogenic reactor was 
observed at loading rates up to 21.2 g VS.l .d . The specific gas 
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Table 3. Effects of cellulose loading-rate on microbial populations In the acidogenlc 
reactor. All values are expressed as means USD) during steady-state per-
formance. 
Loading-rate dilates Species distribution (% of total) Protein Coenzyme F420 
g VS 1 .d IO3.ml Diplodmium bpidimum Entodimum g . l . J U D O l . l 
11.9 
16.6 
21.2 
25.В 
Inoculum 
72 ± 13 
84 * 12 
93 i 15 
71 ± 12 
268 ± 44 
83 1 13 12 ± 4 5 ± 3 
81 ± 7 6 ± 1 13 ± 6 
90 ± 3 5 ± 2 5 ± 3 
95 ± 1 3 2 ± 1 3 ± 1 
20 ± 5 3 ± 2 64 1 4 
3.5 ± 0.4 0.43 ± 0.12 
4.1 ± 0.3 0.45 ± 0.02 
5.2 ± 0.4 0.41 ± 0.07 
4.0 ± 0.9 0.43 ± 0.10 
n.d. n.d. 
production (l.g VS) decreased significantly at the highest loading 
rate due to the incomplete VFA conversion. The methane content of the 
biogas from acidogenic and methanogenic reactors varied between 35-40% 
and 78-90%, respectively. 
The total number of rumen ciliates and their species distribution 
in the acidogenic reactor were not affected by loading rate (Table 3). 
The ciliates present in the inoculum belonged mainly to the Entodinium 
group, but within 6 to 8 days after inoculation ciliates of the Diplo-
diniwn group wsre predominant in the cellulose-fed reactors. Holotrich 
ciliates were present in high numbers in the inoculum (12%), but dis­
appeared within a few days after inoculation. The total ciliate number 
dropped by a factor 3 as ccmpared to the inoculum, but in comparison 
of the ciliate biomass one has to consider that ciliates belonging to 
the Diplodiniwn group represent a much higher bionass content than ci­
liates of the Entodinium group. 
Protein content in the acidogenic reactors remained rather constant 
at all loading rates, suggesting that microbial biomass was similar in 
all experiments. Concentrations of coenzyme F420, indicative for the 
number of methanogens, also remained rather constant at different loa­
ding rates (Table 3). 
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Figure 5. Effect of prolonged fluid recirculation on the concentra­
tions of acetate ( о ) , propionate ( A ) and butyrate 
( D ) in the acidogenic reactor (A) and their conversion 
efficiency in the methanogenic reactor (B) . Arrow indi­
cates the start of fluid recirculation. 
Effect of fluid recirculation 
Tte effect of fluid recirculation was established during a 68 days 
fermentation period at a loading rate of 16.6 g VS.1 .d without re­
noval of solids, except for sanpling. After day 19 of operation no 
fluid was reiroved from or added to the two-phase system anyirore. пв 
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Substrate conversion during the entire experimental period was esti­
mated to be almost complete. Only a slight accumulation of alfalfa hay 
residues could be observed after several vreeks of operation. 
The fermentation process in the acidogenic reactor was rather 
stable during the first 30 days of operation, as assessed by VFA con­
centration (Figure 5A) and biogas production (Figure 6A). VFA and bio-
gas production during this period were comparable to those observed 
during the loading rate experiment at 16.6 g VS. 1 .d substrate ad­
dition. Average VFA production during this period amounted to 135 ± 11 
(SD) ілюі.і- .d~ with molar ratios of 70%, 21% and 9% for acetate, 
propionate and butyrate, respectively. 
From day 30 of operation on several changes were observed in the 
fermentation pattern. The concentration of acetate decreased gradual­
ly, until a value of approximately 5 irM was reached at day 50 of ope­
ration (Figure 5A). Butyric acid disappeared in the acidogenic reac­
tor, but the concentration of propionic acid remained unchanged during 
the entire experimental period. As a consequence of the lovrer VFA con­
centration the pH of the acidogenic reactor content gradually increased 
from 5.8 to about 7.0 (Figure 7). The decrease of total VFA concentra­
tion was accompanied by a simultaneous increase of both biogas produc­
tion and methane content of the biogas (Figure 6A). Obviously acetate 
and butyrate were converted into biogas already in the acidogenic reac­
tor by the action of butyrate oxydizing acetogenic bacteria together 
with acetoclastic and hydrogenotrophic methanogenic bacteria. This 
process was probably induced by a transfer of non-flocculant bacteria 
from the methanogenic reactor and subsequent growth in the acidogenic 
reactor. The increase in methane concentration of the biogas observed 
after recirculation of the fementation medium was probably a result 
of a relative decrease of CO_ evolution at the increased pH of the aci­
dogenic reactor content. 
The drastic changes in the fermentation pattern indicated that re­
circulation of the fermentation medium had markedly affected microbial 
populations in the acidogenic reactor. Epifluorescence microscopical 
observations demonstrated that during the first 30 days after inocu­
lation only small rod-shaped methanogens were present, presumably 
Methanobrevibaater nminantivm , a hydrogenotrophic species generally 
present in the rumen. However, after proglonged recirculation Methano-
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Figure 6. Effect of prolonged fluid recirculation on biogas produc­
tion ( · ) and methane content of biogas ( о ) in the aci­
dogenic (A) and methanogenic reactors (B). Arrow indicates 
start of recirculation. 
savaina species had accumulated. Apart from the ccmposition of micro­
bial species also the total number of microorganisms was affected by 
recirculation, as indicated by the increase of protein cocnentration 
in the acidogenic reactor (Figure 8). Protozoal numbers increased 
drasticly iimediately after recirculation was started, but then the 
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tor effluents. Arrow indicates the start of fluid recircu­
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number decreased again to a steady-state level of approximately 10 
cells.ml (Figure 9 ) . The relative number of different protozoal spe­
cies vrere not affected by fluid recirculation and were comparable to 
those found during the loading-rate experiments (Figure 10). Figure 8 
shows the course of coenzyme F420 concentration in the acidogenic 
reactor. The observed increase of F420 indicates an increase in the 
number or activity of methanogens as a result of recirculation (Gorris 
and van der Drift, 1986). 
The performance of the methanogenic reactor used in this experiment 
was poor during the first days of operation, probably as a result of 
storage of the granular sludge at 40C for a period of several vreeks 
before the start of the experiment. VFA conversion gradually improved 
until an almost complete conversion (94%) was reached after 30 days of 
operation (Figure 5B). The improved conversion efficiency resulted in 
an increased effluent pH (Figure 7) and biogas production (Figure 6B). 
However, after prolonged recirculation biogas production decreased 
drasticly as a consequence of lack of substrate supply due to the al-
irost complete degradation of acetate and butyrate in the acidogenic 
reactor. "Пте methane content of the biogas remained unchanged at 78 ± 
4% (SD) during the entire experimental period. 
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genic reactor (means ± SD). 
DISCUSSION 
The results of this study show that the combination of an acidoge-
nic reactor exhibiting high cellulolytic activities due to the pre-
sence of rumen microorganisms, and a high-rate UASB-type methane reac-
tor gives rise to an efficient anaerobic degradation of cellulose into 
biogas. At all loading-rates of the acidogenic reactor from 11.9 up to 
25.8 g VS.l .d the degradation of the substrate was alirost com-
plete, since only a slight accumulation of alfalfa residues were ob-
served after prolonged periods of operation. The specific productions 
of methane and VFA in the acidogenic reactor were alirost constant with 
mean values of 0.1 l.g- vS and 8.2 itiroles.g" vS, respectively. These 
results indicate that the fententation process in the acidogenic reac-
tor is not affected by loading-rate in the range tested. 
Up to a loading-rate of 21.2 g VS.l .d the VFA produced in the 
acidogenic reactor were alirost completely converted into biogas by the 
action of the UASB methanogenic reactor on the effluent of the acido-
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genie reactor. However, the specific gas production of the methanoge-
nic reactor decreased significantly at the highest loading-rate (25.8 
g VS.l .d ) and the absolute amount of gas produced and VFA conver­
ted vrere even lower as compared to the results obtained at a loading 
rate of 21.2 g VS.l .d . Ihis suggests that overloading of the me-
thanogenic reactor results in an inhibition of VFA conversion into bio-
gas. Propionate conversion appeared to be most strongly inhibited, pro­
bably because propionate oxidation is thenrodynamically rather unfavo­
rably in anaerobic digestion (Zehnder and Koch, 1983). Moreover, the 
elevated acetate concentration in the methanogenic reactor may involve 
product inhibition in the degradation of propionate and butyrate (de 
Zeeuw, 1984). 
From the equation according to Buswsll and Mueller (1952), 
c
n
H
a^
+
 (n-I-|) н2о — ( - M ^ J œ 2 + (§ + | - | ) cH4 
and by assuming the organic part of the substrate added to the acido-
genic reactor to be (CgH.JXJn, the combined methane productions of 
acidogenic and methanogenic reactors ware calculated to be 93, 91, 89 
and 63% of the theoretical maximum values at loading-rates of 11.9, 
16.6, 21.2 and 25.8 g VS.l .d , respectively. The balance may be ac-
counted for by cell growth and incomplete conversion of VFA at the 
highest loading-rate. 
A conversion rate close to 25.8 g VS.l .d as obtained with this 
novel twD-phase process is significantly higher than conversion rates 
reported for other anaerobic systems (Khan et al, 1983; ТДПЬР and 
Martin, 1981; Petitdanange et al, 1984) dealing with cellulose as a 
substrate. In fact this loading-rate is comparable with those reported 
for advanced high-rate methanogenic reactors treating easily degrad-
able soluble wastes (van den Berg, 1984). The high rate of cellulose 
hydrolysis could be maintained and acidification could be prevented by 
removal of the fermentation fluids, which were applied to a separate 
high-rate methanogenic reactor in order to obtain an overall degrada­
tion into biogas. 
The results deironstrate that the process operates quite satisfac-
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tory with a closed fluid circuit in which the effluent of the metha-
nogenic reactor flows back into the acidogenic reactor. In this set-up 
the methanogenic reactor functions as a pH-buffering system as well. 
After prolonged recirculation of the fermsntation medium, part of the 
methanogenic activity had been taken over by the acidogenic reactor 
probably due to a distribution of non-flocculant methanogenic bacteria 
over both reactors. In this situation the methanogenic reactor is 
still to a minor extent effective as a pH regulating system (Figure 7) 
and its main function consists of propionate degradation (Figure 5). 
Propionate degradation was not observed in the acidogenic reactor. 
Probably the experimental period was still too short to build up a 
propionate oxidizing flora in the acidogenic reactor, because of the 
long generation time of the organisms involved (Zehnder and Koch, 
1983). Alternatively the spatial separation of propionate degradation 
may reflect a prerequisite of complete VFA degradation in this closed 
fluid system due to the presence of acetate and possible hydrogen at 
concentrations still inhibitory in the acidogenic reactor. 
As a result of the substantial VFA conversion in the acidogenic 
reactor pH increased and acidification is less likely to occur. As a 
consequence the fluid turnover rate may even be reduced further than 
applied in this study. Such a reduction would be attractive in a large 
scale application of the process. In the process with a closed fluid 
circuit a situation was met in which cellulosic substrates were the 
only input and biogas was the only output of the two-phase system. 
Total methane production of both reactors yielded up to 98% of the 
theoretical maximum value. This methane yield was significantly higher 
than that observed during the loading-rate experiments. The higher me-
thane yield was obtained under conditions where no microbial biomass 
and fermentation products (VFA) ware removed from the system. During 
the period between day 19 to day 68 after inoculation microbial and 
methanogenic biomass in the acidogenic reactor had increased somewhat 
as indicated by the amounts of protein and coenzyme F420 present. How-
ever, the total airount (813 g.l ) of cellulose converted during that 
period was out of all proportion to the observed increase of biomass. 
Cellulose conversion to biogas had proceeded apparently as a largely 
growth-independent process, possibly due either to uncoupling at a 
molecular and physiological level or to effects involving cells an po-
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pulations, which eat each other. Further studies are needed to explain 
this striking result. 
The tvro-phase process described here will be referred to as the 
'rumen derived anaerobic digestion' (RUDAD-) process. Application of 
this tvro-phase process could have major implications on the economical 
feasibility of industrial scale anaerobic digestion of cellulosic 
waste materials. 
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CHAPTER 5 
APPLICATION OF RUMEN MICROORGANISMS FOR AN ENHANCED 
ANAEROBIC DEGRADATION OF SOLID ORGANIC WASTE MATERIALS 
Gijzen HJ, Lubberding HJ, Verhagen FJ, Zwart KB, Vogels GD, 
(submitted for publication) 

SUMMARY 
Organic vraste materials of various origin and composition have been 
screened on anaerobic digestion by a mixed population of rumen micro-
organisms. High loading rates could be applied, varying between 17.1 
(coffee pulp) and 32.4 g (papermill sludge) of volatile solids per 
litre per day (VS.1~ .d~ ) at retention tines of only 60 h. Degrada-
tion efficiencies obtained for irost waste material ware in the range 
of 60-70%, irrespective of their chemical composition. During the 
degradation of lignocellulosic waste materials an apparent lignin 
degradation up to 48% was observed. Average productions of volatile 
fatty acids and biogas per g VS digested varied between 6.6 to 8.2 
nmoles and 0.18 to 0.29 litre (approximately 40% CH.) , respectively 
for most waste materials. Molar proportions of butyrate ware higher 
with substrates rich in cell solubles, as compared to cellulosic and 
lignocellulosic substrates which yielded more propionate. Rumen ci-
liates belonging to the Entodinium group were predominant during-the 
fermentation of substrates rich in cell solubles, whereas ciliates of 
the Diplodini-um group were predominant with cellulosic and lignocel-
lulosic substrates. 
INTRODUCTION 
An excess of organic waste containing large amounts of cellulose is 
produced worldwide mainly by agricultural, municipal and food-proces-
sing activities. The increasing production of these waste materials 
has raised the need for economically viable disposal methods. Espe-
cially for waste materials with a relatively high moisture content, an 
anaerobic degradation process might be preferable to more traditional 
disposal methods like dumping or incineration. Major benefits of anae-
robic digestion are: the reduction of waste volume, smell and patho-
genic organisms, the production of biogas, and the potential use of 
the remaining residue as a soil conditioner or fertilizer. An impor-
tant drawback of current anaerobic digesters however is formed by the 
slow and incomplete degradation of solid organic wastes. 
Depending on the nature of the waste material, diferent reasons can 
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be given for the slow conversion rates. If the predominant constitu-
tents of the organic waste consist of easy degradatole materials (e.g. 
starch, soluble sugars), acetogenesis and methanogenesis have been 
identified as the rate-limiting steps, because of the relatively long 
generation times of the organisms involved (Ghosh and Pohland, 1974; 
Kaspar and Wuhrmann, 1978). However if cellulose is a itajor consti-
tuent of the waste material, its hydrolysis has shown to be rate-
limiting in overall anaerobic digestion (Noike et al, 1985). The rate 
of hydrolysis is primarily dependent on the crystallinity of the cel-
lulose, the degree of association with lignin (Ladisch et al, 1983; 
Cowling and Kirk, 1976) and the cellulase activity of the microbial 
process applied. 
Recently we demonstrated that the application of rumen microorga-
nisms, in combination with a high-rate UASB-type methane reactor, re-
sulted in an enhanced conversion of pure cellulose into biogas (Gijzen 
et al, 1987). The improved conversion rate resulted from the high cel-
lulase activity of the unique rumen microbial population applied in 
this system. This microbial system has a potential application to the 
anaerobic degradation of lignocellulosic waste materials, but has not 
yet been tested for this purpose. This study demonstrates the poten-
tials of the newly developed process and presents an overview of the 
degradation of organic waste materials of various origin and conposi-
tion by the action of rumen microorganisms in an acidogenic reactor. 
MATERIALS AND METHODS 
Digester feed 
Various organic waste materials of agricultural, industrial and mu-
nicipal origin vere used as a substrate for anaerobic digestion. The 
waste materials tested for degradation include barley straw, bagasse, 
verge grass, coffee pulp (peel and mesocarp of the coffee bean), par-
tially dehydrated papermill sludge, papermill pulp reject (pulping re-
sidue) , vegetable auction waste (VÄW; vegetables not fetching the mi-
nimum price), horticultural waste, spent mushroom conpost (SMC), a 
cellulosic fraction of municipal solid waste (MSW), usually referred 
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to as refuse derived fuel (RDF) and a fine organic fraction of MSW 
(MSW-OF). The MSW fractions vrere obtained from a mechanical separation 
system for municipal refuse. On the basis of the known amounts of VÄW 
in the Netherlands, vie composed a mixture of 44% tomatoes, 17.5% cu-
cumbers, 17.5% lettuce, 12% endive and 9% pears (on vœt vreight basis). 
The horticultural waste was composed of 33% tulip stalks and bulbs, 
33% chicory tubers, 17% mushroom remnants and 17% turnips (on wet 
weight basis). 
All waste materials, except VñW and papermill sludge, vrere dried 
(16 h, 70oC) and ground inmediately at arrival. Before grinding the 
MSW fractions most of the plastics, stones and glass vere separated by 
hand. Plastics present in the papermill pulp (approximately 50% of dry 
weight) vere carefully separated by hand. Papermill sludge and VAW 
were stored at -20"C, whereas the dried materials ware stored at room 
tençerature. 
In addition to the waste materials, alfalfa hay (Mediaago sativa), 
purchased from van Heeswijk (Veghel, the Netherlands) and filter paper 
cellulose (Whatman, grade 91) were used as model substrates for an-
aerobic degradation. The chemical composition of waste materials and 
irodel substrates used in this study is shown in Fig 1 and Table 1. 
Fermenter design and operation 
Experiments were performed in 3 1 fermenters (1.5 1 vrorking volume) 
operated with differential removal rates of solids and liquids, as was 
described previously (Gijzen et al, 1986). The fententers were inocu-
lated with 250 ml fresh strained rumen fluid, which was obtained from 
a sheep providied with a rumen fistula. After inoculation the reactors 
were filled with pre-warmed (390C) fermentation medium according to 
Rufener et al (1963). During some experiments, as indicated in Table 
2, the fermentation medium was modified by the addition of NH.C1 (1.5 
-1 -1 
g.l ) as a source of nitrogen and trace elements (0.2 ml.l ) accor-
ding to Vishniac and Santer (1957). Digester feed was added once a day 
except at the day of inoculation, when twice the normal loading rate 
vras administered, during some experiments a small amount of alfalfa 
was added as an additional source of nutritients. 
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Fig 1. Cell wall carbohyrate composition and cell solubles content 
of different types of digester feed (means ±SD) 
Experimental conditions 
All fermentations дэге carried out over periods of at least two 
weeks, including a 7 days adaptation period. Steady state conditions 
were reached within a period of 5-7 days, as assessed by fermentation 
characteristics. The fermenters were kept at a temperature of 390C. 
The extent of deconposition of the waste materials was neasured 
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TABLE 1. Chemical composition of substrates for anaerobic digestion 
TS VS NDF COD N 
Substrate (%) (% of TS) (% of TS) (gO .g"1TS) t* of TS) 
Group λ 
VAU 
Alfalfa 
Verge grass 
Horticultural waste 
ffiW-OF 
Group В 
MSH-RDF 
Papermlll sludge 
Popermlll pulp 
Cellulose 
Group С 
Bagasse 
Barley straw 
Coffee pulp 
SMC 
a not determined 
during steady state performance as described previously (Gijzen et al, 
1986). Desired hydraulic (HRT) and solid retention tines (SRT) were 
established by adjustable pumps for the supply of fermentation medium 
and removal of filtered effluent. Honogeneous reactor effluent was re-
iroved manually once every day, just before feeding. Samples of 10 ml 
for determination of pH volatile fatty acids (VFA) and ciliate numbers 
were removed from the fernenters every other day 4 h after feeding. 
Operating conditions of HRT, SFT and loading rates during the various 
experiments are listed in Table 2. 
Analytical procedures 
Neutral detergent fibre (NDF), acid detergent fibre (ADF), cellu­
lose (C), hemicellulose (HC) and lignin (L) (Permanganate method) 
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5.7±0.1 
93.910.9 
44.8 
21.810.3 
38.913.3 
41.413.5 
49.913.0 
24.012.0 
93.910.1 
94.910.1 
92.710.1 
93.310.1 
38.010.7 
90.110.5 
92.411.0 
84.6 
79.711.3 
53.016.2 
78.910.9 
44.210.8 
91.110.9 
99.7i0.1 
97.HO.2 
92.210.1 
92.112.3 
45.010.9 
34.2 
47.3 
43.1 
25.612.1 
30.316.0 
68.914.3 
39.610.9 
90.210.9 
98.5 
82.910.9 
80.310.9 
56.HO.5 
30.112.4 
1.1510.08 
1.0810.04 
a 
nd 
0.8010.07 
1.0710.06 
1.0810.09 
0.6910.09 
nd 
1.2210.02 
1.2610.06 
1.2710.14 
1.2510.05 
0.7910.04 
1.9310.07 
2.2510.24 
1.9810.18 
1.2910.16 
7.6113.99 
0.4 
0.1410.02 
nd 
nd 
1.4310.16 
0.9810.03 
1.4910.08 
1.1610.05 
TABLE 2. Experimental conditions 
Substrate 
Pre- SRT 
treatment (h) 
HKT 
(h) 
LR alfalfa EP I  _ 
(gVS.l"1^"1) (gVS.r .d"1) days FMd 
Group A 
VAU 
Alfalfa 
Verge grass 
Horticultural waste 
MSW-OF 
R 20 
-
d,R 3 
d,R 20 
d,R 5 
60 
60 
60 
60 
60 
15±1 
13±1 
11±1 
16 ±2 
12±1 
24.0 
30.4 
28.9 
21.4 
30.0 
Group В 
14 A 
21 A 
14 A 
14 A 
14 A 
MSW-RDF 
Papermill sludge 
Papermill pulp 
Cellulose 
d,R 20 
-
d 
R 10 
90 
40 
60 
60 
12tl 
11±2 
13±1 
13±1 
20.2 
29.4 
IB.5 
15.0 
3 
3 
3 
2 
26 
14 
14 
27 
В 
В 
В 
В 
Group С 
Bagasse 
Barley straw 
Coffee pulp 
SMC 
d,R 2 
d,R 2 
d,R 2 
d,R 2 
60 
60 
60 
60 
12±1 
12±1 
12±1 
12±1 
18.3 
18.3 
17.1 
14.3 
23 В 
14 В 
14 В 
14 В 
a d = drying 
R η = reduction to less than η ma 
b LR = loading rate 
с EP = experimental period 
d FM = fermentation medium; A = according to Rufener et al (1963); 
В 
as A but supplemented with NH CI and trace elements 
4 
were estimated according to Goering and van Soest (1970). Cell solubles 
(CS) were defined as volatile solids (VS) minus NDF (Chandler et al, 
1980). Total nitrogen (N) content of the substrates was estimated by 
the modified sulphuric acid-hydrogen peroxide method, according to 
Ekpete and Cornfield (1964). Analyses of total solids (TS), VS and 
chemical oxygen denand (COD) were carried out according to standard 
methods (1975). The extent of VS degradation was estimated by fil­
tering fermenter samples collected at day 8 and 11 and washing the re­
sidue three times with the sane volume of water (40oC), after which VS 
content was analysed. Calculation of VS degradation was similar to 
that of fibre constituents (Gijzen et al, 1986) . 
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Biogas production was measured daily by means of 10 1 mariotte 
flasks containing acidified tap water (approximately 0.02% HCl). 
Methane content of the biogas was measured according to Hutten et al 
(1981) . Determination of W A and ciliate numbers and subdivision of 
ciliates into different groups were as described previously (Gijzen et 
al, 1986). 
RESULTS 
The waste materials used as digester feeds in this study differed 
markedly from each other with respect to lignin content, the percen­
tage of cell solubles, inorganic material and the C/N ratio (Fig 1, 
Table 1). On the basis of chemical characteristics the waste materials 
were subdivided into three groups: 
A) Substrates containing a relatively high amount (>40% of VS) of 
cell solubles (CS-rich substrates), 
B) Substrates containing a high percentage of cellulose (> 50% of 
VS) and a low amount (< 40% of VS) of CS (cellulosic substra­
tes), 
C) substrates containing a relatively high amount of lignin (>10% 
of VS) and a low amount (<40% of VS) of CS (lignocellulosic 
substrates). 
The percentage of inorganic material differed markedly among the 
substrates, but because of its inert nature, it was not used as a cha­
racteristic to differentiate the digester feeds. A high percentage of 
lignin is usually coupled with a high amount of other cell wall poly­
mers in vegetable matter. This tendency was also found for the waste 
materials listed in Fig 1. The main difference between group В and С 
waste materials is the fact that the cellulosic substrates (group B) 
have been partially or completely delignified in a pulpmill process. 
Waste materials belonging to the group of CS-rich substrates »rere 
VAW, verge grass, horticultural waste and the organic fraction of MSW 
(MSW-OF) . The cellulosic wastes include papemill sludge, the RDF 
fraction of MSW (MSW-RDF) and papemill pulp whereas the remaining 
waste materials from Fig 1 can be classified as lignocellulosic 
wastes. The model substrates, alfalfa hay and filter paper cellulose, 
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belong to the groups of CS-rich and cellulosic substrates, respective­
ly. As shown in Table 1, most of the CS-rich substrates contained irore 
nitrogen than the cellulosic and lignocellulosic substrates. A possi­
ble effect of nitrogen depletion during the degradation of cellulosic 
and lignocellulosic substrates was prevented by addition of NH.C1 to 
the fermentation medium (Table 2). 
Degradation of the substrates was tested under comparable condi­
tions of SRT and HRT, whereas loading rates varied from 17.3 to 32.4 
gVS.l .d among different experiments (Table 2). Although fermenta­
tion periods usually were only 14 days, these periods здэге relatively 
long as expressed on the basis of fermenter volume turnovers: a fer­
mentation period of 14 days consisted of 28 fluid volume turnovers and 
5.6 turnovers of homogeneous fermenter contents. These values exceeded 
those applied during other anaerobic digestion studies (Lequerica et 
al, 1984; Pfeffer, 1980; van der Vlugt and RuUcens, 1984). 
Fermentation of CS-rich substrates 
The extent of cell wall polymer (ЮР) degradation of CS-rich sub­
strates varied between 54 and 77% (Fig 2A). Because of the high CS 
content of these substrates digestibility was also established on the 
basis of organic material (VS). For all substrates VS degradation was 
markedly higher than degradation of TOF, indicating that the CS frac­
tion of plant material is degraded irore efficiently than the fraction 
of cell wall polymers. The degradation efficiencies vere highest for 
VAW. As a result of the high content of easily degradable compounds, 
an acidification of the fermenter content was observed iimediately 
after the daily supply of this waste material. Fermenter pH decreased 
from about 7.2 shortly before feeding to afproximately 5.6 2 h after 
feeding. The pH of the substrate itself was adjusted to 7.0 before 
addition. 
The steady state data on pH and fermentation products are listed in 
Table 3. VFA and biogas production were almost directly proportional 
to the amount of substrate digested. Average specific VFA and biogas 
productions varied between 6.6 - 7.6 mroles and 0.18-0.23 1 per g VS 
digested, respectively (Table 4). Within these ranges, a relatively 
high VFA production was correlated with a low biogas production, and 
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Fig 2. Steady state degradation of NDF (CJ) ' v s 'ИВ) and lignin (•) 
of waste materials belonging to the groups of CS-rich (A; 1=VAW, 
2= alfalfa, 3= verge grass, 4= horticultural waste, 5= MSW-OF), 
cellulosic (B,- 6= MSW-RDF, 7= papermill sludge, 8= papermill 
pulp, 9= filter paper cellulose) and lignocellulosic substra­
tes (C; 10= bagasse, 11- barley straw, 12= coffee pulp, 13= SMC), 
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TABLE 3. PH and fermentation products (means ± SD) during steady state degradation of 
various types of digester feed 
Substrate 
Group A 
VAW 
Alfalfa 
Verge grass 
Horticultural 
MSH-OF 
waste 
pH 
5.6-5.8 
6.3±0.2 
6.8±0.2 
6.6 
6.7±0.1 
VFA production 
-1 -1 
mmol.l. .d 
164 
171±6 
138±1 
137 
156 
ШО 
A 
59 
70 
65 
72 
59 
lar 
Ρ 
16 
18 
22 
15 
16 
% 
В 
23 
12 
13 
13 
25 
Biogas production 
i .rV 1 
5.7±0.5 
4.6±0.5 
3.9±0.4 
3.5±0.3 
3.6±0.1 
%сн4 
ndb 
42 
42 
40 
39 
Group В 
MSH-RDF 
Papennill sludge 
Papennill pulp 
Cellulose 
6.5±0.1 
6.3±0.1 
6.2±0.2 
6.5±0.2 
131±6 
137 
109±9 
95±9 
69 
67 
69 
70 
23 
26 
27 
24 
8 
7 
4 
6 
3.3±0.3 
5.8±0.5 
2.6±0.3 
2.410.7 
nd 
43 
34 
3812 
Group С 
Bagasse 
Barley straw 
Coffee pulp 
SMC 
6.910.1 
6.710.1 
6.910.2 
7.110.1 
>pionate, 
71i8 
10119 
87113 
2513 
В = Butyrate 
66 
74 
71 
61 
25 
18 
21 
31 
9 
8 
8 
8 
1.910.2 
2.610.2 
2.210.2 
0.410.1 
3611 
38 
З ±4 
16 
a A = Acetate, Ρ = Prt 
b nd •= not deten· tned 
conversely. 
Protozoa belonging to the Entodinium group were predominant in 
reaotors fed with CS-rich substrates (Table 5). The extremely low num­
ber of ciliates observed during the fermentation of VAW probably re­
sulted fron a temporarily low pH. The fact that the ciliates present 
during this experiment were almost exclusively representatives of the 
Entodinium group suggests that these species may be less sensitive 
than other ciliate species to low pH values. Ciliates belonging to the 
group of Holotrichs теге present in high numbers in the inoculum, but 
were almost completely absent in all reactors during steady-state con­
ditions. 
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TABLE 4. Specific productions of VFA and biogas (means ±SD) during 
steady state fermentation of various types of digester feed 
Substrate 
VFA production Biogas production 
mmol.g VS l.g^VS 
Group A 
VAW 
Alfalfa hay 
Verge grass 
Horticultural waste 
MSW-OF 
Group В 
MSW-RDF 
Papermill sludge 
Papermill reject 
Cellulose 
Group С 
Bagasse 
Barley straw 
Coffee pulp 
SMC 
6.61 
7.22+0.25 
7.46±0.05 
7.5Θ 
7.60 
8.18±0.37 
6.82 
8.17±0.67 
7.87±0.74 
6.06+0.68 
8.11±0.72 
7.07±1.06 
4.3710.52 
0.2310.02 
0.19+0.02 
0.2110.02 
0.19+0.02 
0.1810.01 
0.2110.02 
0.29+0.02 
0.2010.02 
0.2010.05 
0.16+0.02 
0.2110.02 
0.18+0.02 
0.07+0.02 
a per gVS digested 
Fermentation of cellulosic substrates 
In contrast to the CS-rich substrates, the group of cellulosic ma­
terials (group B) contain a high amount of cell wall polymers. There­
fore degradation was estimated on the basis of NDF determinations 
only. Steady-state NDF degradation of the cellulosic substrates were 
all in the range of 60-70% (Fig 2B). 
Specific VFA and biogas productions were calculated to be 6.82-8.18 
rnnoles and 0.20 - 0.29 1 per g VS digested (Table 4). A low specific 
VFA production in the case of papermill sludge (6.82 nrnol.g vS) cor­
relates with a relatively high biogas production (0.29 l.g vS). The 
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TABLE 5. dilate numbers and species distribution (means tSD) during steady state 
fermentation of various types of digester feed 
protozoa % of total 
Substrate 103.ml Diplodmtum Epidtnium Entodmutm Holotrichs 
Group A 
VAH 
Alfalfa 
Verge grass 
Horticultural waste 
MSH-OF 
Group В 
MSW-RDF 
Fapermlll sludge 
Fapennlll pulp 
Cellulose 
Group С 
Bagasse 
Barley straw 
Coffee pulp 
SMC 
Inoculum 
a not determined 
molar proportions of individual VFA were rather constant among the va­
rious substrates of group B, but differed from CS-rich substrates by a 
lower yield of butyric acid and an increased production of propionic 
acid (Table 3). pH values, ranged between 6.3 and 6.5, and vere rather 
stable during a 24 h fermentation period. Obviously the degradation of 
cellulosic substrates proceeded equable during a 24 h period. 
In contrast to the results obtained with CS-rich substrates cilia-
tes of the Diplodiniim group vere predominant in reactors fed with 
cellulosic substrates (Table 5). Determination of ciliate numbers by 
means of microscopical enumeration was rather difficult during the de­
gradation of pulpmill sludge, because the size (30 - 150 ум) and shape 
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16±B 
67±5 
60±7 
73±14 
42 
6±3 
40*10 
38±5 
14*4 
41 
2±2 
19 ±2 
7±1 
23*10 
7 
92*9 
41*4 
55*7 
60*17 
51 
0 
0 
0 
3*2 
1 
65*4 62*3 6*2 30*2 
nd a 
nd 
65*2 82*5 4*2 14*5 
62*3 
61*7 
67*9 
nd 
52*6 
57*5 
55*3 
5*1 
7*2 
5*1 
43*2 
34*7 
40*2 
0 
2*1 
0 
256*159 15*6 2*1 68*5 15*4 
of substrate particles and rumen ciliates were in the same range. Pro­
tozoal numbers were roughly estimated to be 50-75.10 cells/ml, with 
Diplodiniim as the predominant species. 
Fermentation of lignocellulosic substrates 
NDF degradation efficiencies vere relatively high with values 
ranging between 64-72% except for SMC which was much less degradatole 
(Fig 2C) . Despite the relatively low loading rate applied during the 
digestion of SMC only 32% of Ю Р was digested. The extent of digestion 
probably would have been even lower if alfalfa was omitted. 
In all experiments performed with lignocellulosic substrates a loss 
of lignin was observed to an extent of 32-48%. As pointed out pre­
viously the loss of lignin might be attributed to solubilization of 
low molecular lignin during the degradation of other cell wall poly­
mers (Gijzen et al, 1986). Consequently, real NDF fermentation based 
on the degradation of cellulose and hemicellulose will be somewhat 
lower as shown in Fig 2C. Real Ю Р degradation of Э4С however was sig­
nificantly lower, because this waste material contains equal airounts 
of cellulose and lignin which were almost equally well degraded (35 
and 31%, respectively). As a consequence of the apparent lignin de­
gradation, also the specific production of VFA and biogas during the 
fermentation of SMC were lower as compared to other lignocellulosic 
wastes (Table 4). The глэіаг proportions of individual VFA observed at 
the fermentation of lignocellulosic substrates wsre comparable to 
those determined with cellulosic substrates (Table 3). Average pH 
values vere somewhat higher as compared to experiments performsd with 
CS-rich and cellulosic substrates. This might have resulted from the 
lower loading rate applied during the degradation of lignocellulosic 
waste materials. 
The number and species conposition of ciliates in reactors fed with 
lignocellulosic waste materials were comparable to those observed with 
cellulosic substrates (Table 5). Ciliate numbers were not determined 
during the experiment with SMC, because the high content of anorganic 
material strongly interfered in the microscopical enumeration. 
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DISCUSSION 
Ttie econcmical feasibility of anaerobic digestion of solid organic 
waste strongly depends on the rate of the process. Recently we repor-
ted the complete decomposition of filter paper cellulose at a rate of 
25.8 gVS.l .d by use of a novel two-phase process, referred to as 
'rumen derived anaerobic digestion' (RUDAD-) process (Gijzen et al, 
1987) . The results of the present study demonstrate that the acido-
genic phase of this system can be applied for the efficient degrada-
tion of various waste materials. Conversion rates up to 25 g.l .d 
for CS-rich wastes and 20 g.l .d for cellulosic wastes obtained in 
the artificial rumen digester vrere considerably higher than those re-
ported in other anaerobic digestion studies. Loading rates applied in 
this study were about 10 to 20 times as high as those reported for 
similar waste materials such as fruit and vegetable wastes (Knol et 
al, 1978), domestic refuse (Pfeffer, 1980; van der Vlugt and Rulkens, 
1984; Pathe et al, 1982), papermill sludge (Takeshita et al, 1981) 
rice straw (Lequerica et al, 1984), SMC (Baader et al, 1981) and cof-
fee pulp (Calzada et al, 1981). 
A subdivision of waste materials was made on the basis of their 
lignin, cellulose and CS content because the relative amounts of these 
compounds generally determine digestibility. CS-rich waste materials 
may be considered as readily digestible substrates, because the CS 
fraction includes easily degradable compounds such as starch, pectin 
and soluble sugards. This may explain the relatively high degradation 
efficiencies obtained with VAW, alfalfa and horticultural waste. 
Lignin on the other hand has been generally recognized to limit the 
extent of cell wall carbohydrate degradation. Chandler et al (1980) 
estimated that lignin protects about 2.4 times its own weight of cell 
wall carbohydrates from microbial degradation. A severely depressed 
NDF degradation was observed for SMC which contained 37% lignin (% of 
VS). Hovœver degradation efficiency still was markedly higher than 
values reported by Baader et al (1981) who obtained virtually no de-
gradation of SMC. The high degradation efficiencies obtained for other 
lignocellulosic wastes were probably due to the relatively low lignin 
content together with the low loading rates applied. 
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Major differences were observed in fermentation products and ci-
liate species composition during degradation of different substrates. 
Ciliates belonging to the Entodinium group were predominant in the 
inoculum and in reactors fed CS-rich substrates, whereas the Diplo-
dinivm group was predominant during the fermentation of cellulosic and 
lignocellulosic substrates. These results correspond with the fact 
that many Entodinium species require starch for growth in vitro 
(Coleman, 1980), whereas high levels of cellulase activity have been 
demonstrated in Diplodinia (Orpin, 1984). The relative proportions of 
individual VFA were markedly affected by substrate composition. During 
the fermentation of CS-rich substrates the nolar proportion of buty-
rate was significantly higher than with cellulosic and lignocellulosic 
substrates. On the other hand propionate production was higher for 
digno-)cellulosic substrates. Although Erfle et al (1982) reported an 
effect of pH on molar proportions of individual VFA, no direct corre­
lation between pH and VFA distribution was observed in this study. 
All experiments in this study were performed at an arbitrarily 
chosen loading rate and at fixed retention times for solids and li­
quids in the reactors. Degradation efficiencies might be further op­
timized by well-chosen conditions of SRT, HPT and loading rate. 
This study deals with the acidogenesis from solid organic wastes in 
an artificial rumen digester. As a result the main fermentation pro­
ducts consist of VEA and only relatively small amounts of biogas. An 
overall conversion of organic matter into biogas may be accomplished 
by a serial connection of the acidogenic reactor to a high-rate me­
thane reactor as was reported previously for pure cellulose (Gijzen et 
al, 1987). As a consequence of the possible high loading rate and the 
short retention time needed, only relatively small reactor volumes are 
required in the application of this system. 
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CHAPTER 6 
ANAEROBIC DIGESTION OF A CELLULOSE FRACTION OF DOMESTIC 
REFUSE BY MEANS OF RUMEN MICROORGANISMS 
Gijzen HJ, Zwart KB, Teunissen MJ, Vogels GD, 
(submitted for publication) 

SUMMARY 
The anaerobic digestion of a cellulose-enriched fraction of domes-
tic refuse by means of rumen microorganisms in an 'artificial rumen' 
digester was studied. Various combinations of solids and liquid reten-
tion times and loading rates ware applied to establish optimum condi-
tions for the acidogenic phase digestion of the refuse fraction. An 
optimal substrate conversion of about 72% was obtained at a loading 
rate of 23.4 g of volatile solids per litre per day (gVS.l .d ) and 
a solids retention time of 90 h. Variation of dilution rate between 
1.04 and 3.14 fermenter volume turnovers per day had no effect on 
degradation efficiency. At a loading rate of 23.4 gVS.l .d a dif-
ferential removal rate of solids and liquids appeared to be necessary 
to obtain an effective degradation of the refuse fraction. 
INTRODUCTION 
The mineralization of organic material into methane and carbon 
dioxide by anaerobic microorganisms is becoming ein increasingly 
attractive means of waste treatment and resource recovery (Stafford et 
al, 1980) . Tïie refuse generated in urban areas represents an abundant 
source of renewable cellulosic biomass for the potential production of 
biogas (Klass and Ghosh, 1973). The annual production of domestic 
refuse in Europe amounts to about 275 kg per capita and still conti-
nues to increase (de Baere and Verstraete, 1984). Moreover, the costs 
of current disposal methods like dumping or incineration are increa-
sing rapidly. Anaerobic digestion of domestic refuse could provide an 
attractive means of reducing disposal costs through the simultaneous 
reduction of waste volume and recovery of methane as an energy source. 
Recent reports on the biomethanation of domestic refuse however indi-
cate that the overall reaction rate in conventional, completely mixed 
reactors is slow, consequently resulting in long residence times and 
low loading rates of the substrate (Pfeffer, 1974, 1980; Pathe et al, 
1982; van der Vlugt and Rulkens, 1984). The rate limitation in these 
systems is probably caused by the low cellulolytic activities and slow 
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specific growth rates of the organisms involved (Noike et al, 1985). 
Therefore the economical feasibility of anaerobic refuse digestion 
might be strongly enhanced by the developitent of a process with 
increased cellulolytic activity. 
Recently VIP. proposed the application of rumen microorganisms in an 
'artificial rumen' reactor to achieve a more effective digestion of 
cellulosic residues (Gijzen et al, 1986). Because of their high cellu­
lolytic activity, rumen microorganisms may have considerable poten­
tials to the anaerobic degradation of domestic refuse. Ttie effective 
decomposition of various solid organic wastes, including domestic 
refuse, by this acidogenic digestion process has been deironstrated 
previously (Gijzen et al, 1987a). The present paper reports on the 
results of a study to optimalize the degradation of a cellulosic 
fraction of domestic refuse by the 'artificial rumen' system . The 
influence of various combinations of solid (SRT) and liquid retention 
times (HPT) and loading rates (LR) have been investigated. 
MATERIALS A N D METHODS 
Substrate 
The substrate for anaerobic digestion used in this study consists 
of a cellulose-rich waste fraction obtained from a mechanical separa­
tion system for municipal solid waste (MSW). Ihe cellulosic fraction 
forms the residual material of MSW after separation of a fine organic 
fraction (<40 inn), netals and large pieces of plastics and paper. The 
residual fraction, which constitutes approximately 50% of the original 
MSW, consists mainly of small (<400 nm) pieces of paper and plastics. 
Because of its high calorific value this fraction is usually referred 
to as ' refuse derived fuel ' (ЮГ). 
Before using RDF as a feed for anaerobic digestion, synthetic 
cloths, stones and plastics ware carefully separated by hand. Tbs 
remaining RDF was shredded to a particle size of about 2-3 cm. After 
drying (48h, 70oC), RDF was used as a digester feed. The chemical 
composition of RDF is shown in Table 1. The remaining plastics (5.5%) 
were present as coatings of packings. 
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Table 1. Chemical composition of the substrates 
Determination 
Total solids (TS) 
Volatile solids 
NDF 
ADF 
Cellulose 
Hemicellulose 
Lignin 
Cell solubles 
Plastics 
Total nitrogen 
CODb 
(% of TS) 
Π \ 
II \ 
η л 
Il ν 
Il ν 
II \ 
Η \ 
η \ 
(g02.g"
1TS) 
RDF 
41.4±3.5 
83.7+3.4 
68.9±3.9 
63.1±3.2 
61.0+2.4 
5.8±1.5 
2.1 
14.8±3.6 
5.5 
0.4 
1.1+0.1 
Alfalfa 
92.910.9 
91.5±1.0 
45.0+0.4 
32.2±0.7 
23.1+0.3 
12.8±0.7 
9.1+0.8 
46.5+0.9 
-
2.25±0.24 
1.1+0.1 
Means ± standard deviation 
Chemical oxygen demand 
Fermentation device 
Acidogenesis from RDF was performed in a 3 1 volume 'artificial 
rumen' reactor operating with differential removal rates of solids and 
liquids, as was described previously (Gijzen et al, 1986). The reactor 
was maintained at 39 0C. The inoculum consisted of 250 ml strained 
rumen fluid obtained from a sheep provided with a rumen fistula. The 
substrate was added once every day and consisted of a desired loading 
rate of RDF, supplemented with 3.0 gVS.l of ground (1-2 im) alfalfa 
(van Heeswijk, Veghel, the Netherlands) . At the day of inoculation, 
twice the normal amount of substrate was administered. 
Fermentation medium according to Rufener et al (1963) was modifed 
by the addition of NH.C1 (28 nM) as a nitrogen source and trace ele­
ments (0.2 ml.l" ) according to Vishniac and Santer (1957). Desired 
hydraulic (HRT) and solid retention times (SPT) vrere established by 
means of adjustable peristaltic pumps for the supply of fresh fermen-
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tation medium and for removal of filtered effluent. Hoirogeneous reac­
tion mixture was removed once daily just before addition of the sub­
strate. Despite the diurnal variation of the working volume, the 
average volume over a 24 h period was 1.5 1 in all experirtents. 
Unless otherwise stated, experiments were performed over periods of 
14 days, with the first 7 days serving as an acclimatization period. 
Samples (10 ml) for the determination of pH, volatile fatty acids 
(VFA) and ciliate numbers were removed from the reactors every other 
day, 4h after substrate addition. 
Analytical procedures 
Neutral detergent fibre (NDF), acid detergent fibre (ADF) cellu­
lose, hemicellulose (HC) and lignin (permanganate method) were deter­
mined according to Goering and van Soest (1970). Cell solubles vrere 
calculated as volatile solids (VS) minus Ю Р (Chandler et al, 1980). 
All other analyses were as described previously (Gijzen et al, 1986, 
1987a). 
RESULTS 
Acclimatization time 
The acclimatization time of rumen microorganisms to the substrates 
and operation conditions was established in an experiment over a 
period of 26 days (equivalent to 52 complete changes of fermentation 
medium). SFT, HPT and loading rate (LR) were maintained at 90 h, 12 h 
and 23.4 gVS.l" .d~ (including 3.0 g VS of alfalfa), respectively. 
Fibre degradation was determined betvreen day 7 and 10 and betvœen day 
21 and 24 after inoculation. Degradation efficiencies for all fibre 
fractions vere only slightly lower during the second period (Table 2). 
NDF and ADF degradation efficiencies were alirost equal which is con-
sistent with the low hemicellulose (HC) content of the substrate 
(Table 1). 
Productions of VFA and biogas showed some minor fluctuations during 
the first 7 days of operation, but remained rather stable during the 
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Table 2. Fibre degradation (%) 
Fibre fraction Period 1 Period 2 
day 7-10 day 21-24 
NDF 72 67 
ADF 67 64 
HC 99 Θ8 
rest of the experimental period, with average (+SD) values of 129+9 
nmol.l- .d~ and 2.7+0.3 l.l" .d, respectively (Fig 1). The molar pro­
portions of individual VFA were 69%, 22%, and 9% for acetate, propio­
nate and butyrate, respectively. Because of the almost constant produc­
tion of VFA fermenter pH was rather stable at 6.45 during the entire 
experimental period (Fig IB). Protozoal numbers and species composi­
tion changed markedly during the first 7 days of operation (Fig 1С). 
3 -1 
During this period protozoal numbers declined from 104.10 cells.ml 
inmediately after inoculation to a steady-state level of 
66+5.10 cells.ml" . The relative number of ciliates belonging to the 
Entodinium group, decreased significantly whereas that of the Diplodi-
niim group increased within the first 7 days after inoculation. Holo-
trichs, which accounted for 12% of the ciliates in the inoculum, dis­
appeared almost conpletely within the same period. Steady-state 
ciliate species distribution is in agreemeent with previous observa­
tions (Gijzen et al, 1987a). 
ТЪе results indicate that fenrenter performance is stable after an 
acclimatization period of approximately 7 days. 
Effect of loading rate (LR) 
In order to establish optimum conditions for the degradation of 
ГОР, experiments of 14 days each were performed at various combina­
tions of LR, SRT and dilution rates (D). Within each set of experi­
ments only one of the parameters was varied. Degradation and fermen-
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Fig 1. Effect of operation time on fermentation products and ciliates. 
A, production of acetate(·) propionate (A) butyrate (o) and 
total VFA (Δ) . B, pH (o) and biogas production (·). C, 
ciliate numbers ( · ) and percentages of ciliates belonging to 
the groups of Diplodinzm (o), Entodinium (A), Epidinium 
(Δ) and Holotrichs (D). 
tation products v«re determined during steady state (day 7-14). 
The effect of LR on degradation efficiency was studied in 3 experi­
ments at 15.2, 19.3 and 23.4 gVS.l" .d- , while SRT and D were adjus­
ted to 60 h and 2.0 fermenter volume turnovers per day (FV.d ), res­
pectively. Degradation efficiency of all fibre fractions was highest 
at a LR of 19.3 gVS.l.- .d~ (Table 3). HC degradation was almost 
ccmplete at all loading rates. A higher LR resulted in a decreased 
fermenter pH. As is shown in Table 4 ciliate nunbers were somewhat 
lewer at the highest loading rate applied. The percentage of Entodinia 
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Table 3. Effect of loading rate on fibre degradation and pH during 
steady state operation 
LR 
gVS.r^d" 
15.2 
19.3 
23.4 
-1 
PH 
6.85 
6.60 
6.50 
degradation 
NDF 
71 
76 
66 
ADF 
67 
73 
62 
(%) 
HC 
99 
99 
94 
Table 4. Effect of LR on ciliate numbers and species composition 
during steady state operation 
LR 
gVS. l" 
15. 
19, 
23. 
-1 
.2 
.3 
.4 
d"1 
Ciliates 
IO3.!!»!"1 
7Θ±5 
78±2 
64±10 
% 
Diplodinium 
74±2 
78±2 
62±7 
of total 
Ергагпгит 
8±1 
8±2 
5±3 
Entodinium 
18±1 
14±1 
33±3 
was higher and that of Diplodinia was scnewhat Icwer at this loading 
rate. 
Although degradation at a LR of 23.4 g VS.l" .d~ was still rather 
efficient, no higher LR was applied, since the consequent higher 
content of total solids in the fermenter caused serious mixing 
problems. Therefore further optimization studies with respect to SPT 
and D variations wsre performed at a LR of 23.4 gVS.l- .d . 
Effect of solid retention time (SRT) 
The effect of SFT on RDF degradation was studied in б separate 
experiments at a constant D and LR of 2.0 FV.d and 23.4 gVS.l .d~ , 
respectively, whereas SRT was varied betvreen 24 and 144 h. Under these 
121 
7.0 
6.8 
pH 
6.6 
6.1 
6.2 
40 60 120 160 
SRT(h) 
Figure 2. Effect of solid retention time on pH (о ) and UDF degra­
dation ( · ) . 
conditions optimal substrate degradation was obtained at a SFT of 90 h 
(Fig 2). A sharp decrease in degradation efficiency was observed at 
SBT below 60 h. The slightly lower degradation at a SRT of 144 h was 
probably due to the increased content of total solids which hindered 
proper mixing of reactor contents. pH decreased slightly at longer SFT 
which is in agreement with the improved degradation efficiency and the 
resulting increase of VFA production. 
Ciliate numbers were strongly affected by SFT as is shown in Fig 3. 
Ove increase in ciliate numbers at longer SFT is probably due to the 
decreased washout of these organisms. Apart from the absolute number 
of ciliates, also the species composition was affected by SFT (Fig 4). 
At shorter SFT the frequency of ciliates belonging to the Entodinium 
group increased, whereas that of the Diplodinium group decreased. This 
suggests that Entodinia would be less sensitive to washout, which is 
in agreement with the relatively short generation times reported for 
these organisms (Coleman, 1979). Holotrichs were absent in all experi­
ments. 
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Cili'ate number (IO3, ml"1) 
1 
IO ВО 120 160 
SRT(h) 
Figure 3. Effect of solid retention time on steady state ciliate 
numbers (average ±SD) 
Effect of dilution rate (D) 
Because of the differential removal rates of solids and liquids 
applied in the 'artificial runen' system the separate effects of SRT 
and D variation were studied. Itie effect of D on the fermentation 
process was established in seven short-term experiments at a SRT of 
144 h and a LR of 23.4gVS.l~ .d- , whereas D was varied between 0.52 
and 3.14 FV.d . The effect of D on NDF degradation efficiency is 
given in Fig 5. Except for the lowest dilution rate, Ю Р degradation 
was comparably high at all D-values applied. As a result of a 
decreased removal rate of acid fermentation products pH values of 
reactor contents dropped at lower dilution rate (Fig 5). Itie extremely 
low degradation efficiency observed at a D of 0.52 FV.d is probably 
due to the inhibitory effect of acidification on the fermentation 
process. 
The production of VFA and biogas даге correlated with the extent of 
digestion of the substrate (Fig 6). At D varying between 1.63 and 3.14 
FV.d average molar proportions of acetate, propionate and butyrate 
were rather constant at 70, 21 and 9% respectively (Fig 7). At lower 
D-values, however an increase was observed in the relative proportion 
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Figure 4. Effect of solid retention time on ciliate species distri­
bution (average ±SD) . (·) Oiplodi-nium group, (o) Ento-
dinium group, (Δ) Epidinium group 
OlFV.d"1) 
Figure 5. Effect of dilution rate on pH (o) and NDF degradation (·) 
of propionate, whereas the proportions of acetate and butyrate decrea­
sed. A comparable shift in rrolar proportions of individual VFA was re­
ported by Erfle et al (1982) on a decrease of the pH of the fermenta­
tion medium. Consequently, the observed changes in VFA conposition at 
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DIFV.d-1) 
Figure 6. Effect of dilution rate on steady-state productions (average 
±SD) of VFA (·) and biogas (о) 
'/. of total 
60 
10 
20 
{ i 
i-H-
— « 1-
Figure 7. 
1 2 3 
DIFV.d"1) 
Effect of dilution rate on the molar proportions (average 
±SD) of acetate ( · ), propionate (О) and butyrate (A) 
different D-values may be a result of pH variation. 
The effect of D on ciliate numbers and species composition is shown 
in Fig 8. Ciliate numbers were in the range of 49 - 63.10 cell.ml 
at all D except at 0.52 FV.d- , when ciliates were completely absent 
probably as a result of acidification. "Ulis is in agreement with the 
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Figure θ. Effect of dilution rate on steady-state ciliate numbers and 
ciliate species distribution (average ±SD) . (·) Diplodv-
пгил group, (o ) Entodinium group, (Δ) Epidinium group 
results of a previous study with grass as a substrate in which proto­
zoal numbers were markedly affected by D-variation at pH values below 
6.0 (Gijzen et al, 1986). On lowering D below 2.0 FV.d" the relative 
nuntoer of Entodinia increased, whereas the proportion of ciliates 
belonging to the Diplodinium group decreased. The shift in protozoal 
composition may be attributed to a selective washout of small Entodi­
nium species through the filter. The results of experiments at various 
dilution rates indicate that there is no real optimum for D, but fluid 
removal rate should be high enough to prevent acidification of the 
fenrenter contents. 
Digestion at equal SRT and HRT 
In all previous experiments SRT was kept markedly longer than HRT 
by the application of a filter unit in the reactors. This node of 
operation was derived from the in vivo situation of the rumen (Weiler 
and Pilgrim, 1974) and was found necessary during in vitro fermenta­
tion of a grass-grain mixture (Gijzen et al, 1986). Но да ег, fron Fig 
2 and 5 it appears that SRT and D values as low as 24 h and 1.0 FV.d 
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can be applied during digestion of RDF. This suggests that also a com­
bination of a SPT of 24 h and a D of 1.0 FV.d should be possible, 
vdiich means that retention times of solids and liquids are adjusted 
equally. To test this mode of operation, an experiment was carried out 
at a LR of 23.4 gVS.l .d and solids and liquids residence time vrere 
adjusted to 36 h. In this setup the filter became superfluous and was 
ranoved from the fermenter. Table 5 simmerizes the steady state data 
on NDF digestion and product formation. Fermentation characteristics 
were comparable to data obtained at a SFT of 30 h and D of 2.0 FV.d . 
Because of the accumulation of VFA, pH dropped to 6.0. 
Omission of alfalfa 
RDF represents a rather poor substrate for microbial degradation 
since it consists almost exclusively of carbohydrates. Therefore, a 
small amount of alafalfa was added as an additional source of nutrients 
in all experiments. To study the effect of alfalfa omission, two expe-
Table 5. Steady state data (average ±SD) during the fermentation 
of RDF at equal residence times for solids and liquids 
Determination Average 
45 
87±8 
69 
25 
б 
6.0 
1.0+0.4 
35±6 
NDF digestion 
VFA production (mmol.l .d ) 
Molar %, acetate 
propionate 
butyrate 
pH 
Biogas production (1.1 .d ) 
Ciliates (103.ml~ ) 
127 
72 
123±9 
68 
23 
9 
6.45 
73±9 
2.6±0.3 
71 
126±10 
69 
23 
θ 
6.50 
70±8 
2.6±0.2 
Table 6. Effect of alfalfa omission on steady state fermenter 
performance 
Determination + alfalfa - alfalfa 
NDF degradation (%) 
VFA production (mmol.l .d ) 
Molar %, acetate 
propionate 
butyrate 
PH 
Biogas production (1.1 .d ) 
Ciliates (IO3.ml"1) 
riments were performed over a period of 35 days, one with RDF (20.4 
gVS.l" .d~ ) and alfalfa (3.0 gVS.l" .d ) and one with RDF only (23.3 
gVS.l .d ). SRT and dilution rate were 90 h and 2.0 FV.d , respec­
tively. 
Steady-state NDF degradation and productions of VFA and biogas were 
aliTOSt similar in both experiments (Table 6). Furthermore ciliate 
numbers in both experiments were almost identical. The data suggest 
that under the conditions applied in this study alfalfa is not needed 
as an additional nutrient source during digestion of RDF. 
DISCUSSION 
In a complex multistep process the kinetic characteristics of the 
slovœst step govern the overall conversion rate. If refractory organic 
wastes such as domestic refuse are used as substrates for anaerobic 
digestion, the hydrolysis step has shown to be rate limiting (Pfeffer, 
1974; Boone, 1982; Noüce et al, 1985). The results of the present 
study demonstrate that the rate of acidogenesis from RDF may be very 
high if rumen microorganisms are applied. The 'artificial rumen' 
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reactor was operated at a loading rate of 23.4 gVS.l .d , which is 
about 10 to 20 times as high as loading rates reported for conven­
tional reactors treating domestic refuse (Pfeffer, 1974; Pfeffer, 
1980; van der Vlugt and Rulkens, 1984; Pathe et al, 1982). The low 
loading rates in these systems result from the relatively long SHT 
needed (20-40 days) to achieve effective anaerobic decorrposition. In 
contrast, substrate residence times in the rumen amount to 1-2 days 
only (Hungate 1966). Similar short substrate residence times could be 
applied in the 'artificial rumen' digester, but degradation efficiency 
dropped markedly at SKT below 60 h. 
Another maior characteristic of the in vivo system is the fact that 
fluid turnover rate is much higher than that of the solid substrate 
(Weiler and Pilgrim, 1974). During the degradation of RDF, fluid re-
nevai rate should be at 1.0 FV.d- or higher in order to maintain a 
high degradation efficiency. The relatively high D is probably 
required to prevent acidification of fermenter contents which would 
result in decreased fibre degradation (Erfle et al, 1982; Hoover et 
al, 1984; Gijzen et al, 1986) . This may explain the inefficient 
degradation observed at a D of 0.52 FV.d- where the pH was low. 
Operation of a digester at equal residence times of solids and liquids 
might be beneficial for an industrial application of the process, 
because in this case the expensive separation system of solids and 
liquids beccmes redundant. Such conditions could be applied in this 
study and a removal rate of 0.67 FV.d for both solids and liquids 
did not result in acidification of fermenter contents. Но аг ег, 
digestion was limited by the low substrate retention. Therefore 
differential renoval rates of solids and liquids appear to be required 
to realize an effective and stable acidogenic digestion of RDF. 
Optimal substrate conversion was obtained at a LR of 23.4 gVS.l .d 
and a SRT of 90 h, whereas variation of D between 1.04 and 3.14 FV.d 
had no effect on the digestion process. 
In conclusion, the results presented in this study demonstrate that 
the application of rumen microorganisms in a rumen-like digester might 
be useful to improve acidogenic digestion of refractory organic waste 
naterials such as domestic refuse. A complete conversion of RDF into 
CH. and 00_ may be achieved by the conversion of VFA in a subsequent 
high-rate methane reactor as was described previously for pure cellu-
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lose as a substrate (Gijzen et a l , 1987b). 
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CHAPTER 7 
ANAEROBIC DIGESTION OF A CELLULOSIC FRACTION OF DOMESTIC 
REFUSE BY A TWO-PHASE RUMEN-DERIVED PROCESS 
Zwart KB, Gijzen HJ, Cox P, Vogels GD, 
(submitted for publication) 

SUMMARY 
The anaerobic degradation of a cellulosic fraction of domestic 
refuse by a runren-derived tw>-phase process was studied. Because of 
their high cellulase activities rumen microorganisms wsre used as an 
inoculum in the acidogenic phase. The stability of the two-phase 
digestion process was established in two long-term experiments of 80 
and 420 days, respectively. High loading rates up to 27.5 g.l .d in 
combination with a solid retention time of only 4 days resulted in a 
stable degradation efficiency of about 60%. After a prolonged period 
of operation, part of the VFA catabolizing activities of the methano-
genic phase had been taken over by the acidogenic phase. 
INTRODUCTION 
Anaerobic digestion of solid organic wastes into biogas is of 
current interest in terms of waste volume reduction and recovery of 
renewable energy (Stafford et al, 1980). However, a large-scale appli­
cation of this process to industrial and municipal solid wastes has 
been hindered by the low rates of substrate conversion and biogas 
production. 
In a recent series of papers we demonstrated that the use of rumen 
microorganisms in an 'artificial rumen' digester resulted in an enhan­
ced conversion efficiency of cellulosic substrates (Gijzen et al, 
1986; 1987a, с) . One of the waste materials tested was a cellulosic 
fraction of domestic refuse, usually referred to as 'refuse derived 
fuel' (RDF) (Gijzen et al, 1987a). The conditions for optimal degrada­
tion of PDF have been established previously by means of short-term 
experiments (Gijzen et al, 1987b). However, for a succesfull appli­
cation of the rumen-derived anaerobic digestion (RUDAD-) process it is 
necessary to demonstrate its stability over prolonged periods of 
operation. Especially with RDF as a substrate, long-term experiments 
may provide important information on the stability of the RTOAD-
process, because of the presence of possibly hazardous cottpounds in 
domestic refuse. 
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MATERIALS AND METHODS 
Two-phase digestion process 
The principles of the two-phase reactor system used, have been 
described previously (Gijzen et al, 1987c). The acidogenic reactor 
(RI), containing rumen microorganisms consisted of a 30 1 volume 
double-walled glass construction (20 1 working volume) with a PVC 
bottom and top. The top contained a lid (16 cm diameter) for the 
removal of reactor contents and adddition of substrate and several 
tubes for the passage of fluids and biogas. Dissolved reaction 
products and minute dispersed particles were continuously removed from 
RI by rteans of a variable peristatic pump via a cylindrical filter 
(height 18 cm, diameter 5 cm, pore size 300 \αη) and subsequently fed 
to a UASB-type methane reactor (RII). The filter could be removed from 
RI via the lid. The contents of RI were mixed during 1 minute at 
intervals of 15 minutes by means of a eccentrically placed mechanical 
stirrer with two propellers. Heavy particles in the RI filtrate were 
allowed to settle down in a 2 1 erlenmeyer in order to prevent 
clogging of the RII inlet. The precipitated contents were removed once 
a week. 
RII was a 12 1 double-walled glass reactor filled with 3.5 1 
granular sludge obtained from a full-scale UASB-plant (AVEBE de Krim, 
The Netherlands). Effluent from RII was recirculated into RI via a 
water seal. Both reactors were kept at 390C by a thermostatically 
controlled circulation bath. 
Substrate 
Refuse derived fuel (RDF) obtained from a mechanical seapration 
system for municipal solid waste ( ЙМ, Wijster, the Netherlands) was 
used as a substrate for the RUDAD-process. Pretreatment and composi­
tion of the substrate were as described previously (Gijzen et al, 
1987b). The RDF was shredded to a particle size of 5-10 an and added 
to RI at desired loading rates. As an additional nutrient source 
ground (1-2 nm) alfalfa (Van Heeswijk, Veghel, the Netherlands) was 
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added at a fixed loading rate of 2.5 g total solids per litre per day 
(q TS.r^d"1). 
Experimental conditions 
LONG-TERM EXPERIMENTS 
Two long-term experiments vere performed in order to test the stabi­
lity of the RUDAD-process. Within these experiments tests vrere perfor­
med to measure the effects of an increased loading rate, a decreased 
fluid recirculation rate through the system and a disconnection of RII 
resulting in a completely mixed digestion in RI. Experiment 1, which 
lasted 80 days, was started by inoculating RI with 500 ml fresh 
strained rumen fluid obtained from a fistulated sheep. Ihe reactor 
contained 19.5 1 fermentation medium (Rufener et al, 1963) supple­
mented with NH.C1 (28 irM) as a nitrogen source and trace elements (0.2 
ml.l ) according to Vishniac and Santer (1957). The solid retention 
times (SKT) and loading rates were adjusted as indicated in Table 1 
for 5 periods of operation. During period 4 RII was disconnected from 
RI. 
Experiment 2 lasted for irore than one year and was started similar­
ly to experiment 1. the sludge which remained in RII at the end of 
experiment 1 was used again in experiment 2. Ihe characteristics of 
the four periods of experiment 2 are indicated in Table 2. 
SRT was adjusted as follows: each day prior to feeding an appro­
priate volume of homogeneous contents were removed from RI. During 
experiment 1 this volume was replaced by fresh fermentation medium to 
a final volume of 20 1. During experiment 2 the removed contents vrere 
sucked through 300 μιη pore-size nylon gauge and the filtrate was trans­
ferred to RI, whereas the residue was used for analytical procedures. 
VFA CONVERSION IN RI 
In order to investigate the capacity of VFA conversion in RI 100-ml 
serum bottles were filled with 25 ml filtered reactor contents and 20 
ml fermentation medium. After the addition of acetate (final concen­
tration 42 πΜ), propionate (14 nM) and butyrate (10 nM) (total volume 
5 ml) and 2 ml of reducing solution according to Goering and van Soest 
(1970) the bottles were sealed, evaporated and filled with N./OO-
(80/20, v/v) at 0.3 atm. The bottles were incubated at 390C in a 
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rotary shaker (200 rpm). Ihe disappearance of VFA and the concomitant 
production of methane was followed during 3 weeks. In control incuba-
tions 5 ml water instead of VFA was added. 
Analytical methods 
Biogas production frem RI and from RII in experiment 1 was measured 
by 25 1 mariotte flasks containing acidified tap water (about 0.02% 
HCl) . Since the volume of the mariotte flasks was much smaller than 
the volume of biogas produced during a 24-h period an electronic gas 
measurement device was constructed according to the system described 
by Moietta and Albagnac (1982) for the continuous measurement of 
biogas from RI and RII. This system is based on the repeated expulsion 
and registration of a calibrated volume of fluid. The flask containing 
two level probes was calibrated at 1000 ml. All other analyses were as 
described previously (Gijzen et al, 1986, 1987c). 
RESULTS 
Table 1 presents the results of RDF-degradation during experiment 1. 
During the tw^-phase operation degradation efficiency of volatile 
solids (VS) was 69 and 71% at a loading rate of 17.5 and 22.5 g 
TS.l .d , respectively. Disconnection of RII (period 4) resulted in 
a decrease of degradation (61% of VS) despite of the low loading rate 
of 11.3 g.l .d . The concentration of volatile fatty acids (VFA) in 
RI and RII was measured 3 times a week. The concentrations of indivi-
dual VFA in RI are presented in Fig 1. The concentration of acetate 
fluctuated during period 1 and decreased gradually during periods 2 
and 3. A similar pattern was observed for propionate. Butyrate concen-
tration was always lowsr than 3 nM (not shown) except for period 4 
when it increased to 10 nM (Fig 1). Acetate and butvrate conversion in 
RII were almost complete (85-95%) during periods 1, 2, 3 and 5. Pro-
pionate conversion during period 1 was about 60% and increased to 
80-90% during periods 2, 3 and 5. The decrease of VFA concentration in 
RI during periods 2 and 3 was accompanied by an increase in the produc-
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Table 1. Experimental conditions, VS degradation, biogas production and protozoal 
numbers during long-term digestion of RDF (experiment 1) 
Period 
1 
2 
3 
4 
5 
a LB = 
b D = 
с mean 
d nd = 
days 
0-17 
17-46 
46-54 
54-72 
72-80 
и" 
g.l-V1 
17.5 
17.5 
22.5 
11.3 
11.3 
loading rate 
fluid 
±SD 
SRT 
d 
Db 
FV.d"1 
2 
2 
2 
0.25 
2 
removal rate from Rl 
not determined 
VS degradation Biogas production 
% 
nda 
69 
71 
61 
nd 
1. 
RI 
nd 
62120 
80±16 
46±7 
nd 
.d"1 
RII 
nd 
65±7 
70±7 
-
nd 
Protozoal number 
IO3.-!"1 
nd 
37 
59 
35 
nd 
tion of biogas (Table 1). This was probably due to the establishment 
of non-flocculant bacteria from RII in RI. Epifluorescence microsco­
pical examination (Doddema and Vogels, 1978) revealed the presence of 
large numbers of Methanosarcina species in RI during period 3. These 
acetoclastic organisms are not found in high numbers in sheep rumen, 
whereas they were abundant in the UASB sludge in RII. 
In order to study the dynamics of VFA conversion by RI contents, 
batch-wise incubations were performed with a mixture of acetate, 
propionate and butyate. The results of a typical incubation are illus­
trated in Fig 2. Acetate and butyrate disappeared within 10-12 days. 
The shoulder in acetate disappearance from day 5 to 9 results from the 
simultaneous conversion of butyrate into acetate. The concentration of 
propionate, however, remained unchanged until all acetate and butyrate 
had been converted into biogas. 
These results together with the observations in RI described above, 
clearly demonstrate that a substantial part of the VFA produced in RI 
was already converted into biogas in the same reactor. Because of the 
VFA catabolizing activity in RI, a single-phase mode of operation was 
tested by disconnecting RII (period 4). Ihe disconnection, hovœver, 
had drastic effects on VFA concentrations in RI (Fig 1) . Propionate 
concentration increased to about 40 irM within 10 day after disconnec-
139 
VFA concentration I m H ) -
SO 
IO 
30 
20 
\ /ko\\ /V·. / 
1
 ' 
^ > ^ 
10 20 30 IO SO 60 70 90 
Iimeldjyil 
' ' ι I 3 I t I s I 
Period 
Figure 1. Concentrations of acetate (·), propionate (о) and butyrate 
(Δ) in the acidogenic phase (HI) during long-term diges­
tion of RDF (experiment 1) 
ting RII resulting in a decrease of pH from 7.3 to 6.7 (not shown). 
Concentrations of acetate and butyrate increased from about 12 days 
after the disconnection resulting in a further decrease of pH to 5.6. 
Covipling of RI and RII (period 5) inmediately restored the situation 
prior to the disconnection. 
Fig 3 shows the results of FDF degradation during experiment 2. For 
convenience the results of each period (Table 2) will be discussed 
separately. 
PERICO 1 (WEEK 0-15) 
During period 1 VS and TS degradations were rather constant at 
approximately 65 and 55%, respectively (Fig ЗА). Acetate production 
decreased whereas propionate production renained constant at 15-20 
nrol.l .d (Fig 3C). Butyrate production was also constant at a 
value of about 5 nmoles.l .d (not shown). Biogas production of RI 
was 70 l.d with a methane content increasing from about 20% (week 
1-5) to 35% (vreek 10-15). The overall increase of methane production 
is in agreement with the decrease of VFA production in RI. Biogas 
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Figure 2. Conversion of a mixture of acetate (·), propionate (0) and 
butyrate (Δ) during batch-wise incubation with acidogenic 
phase (RI) reactor contents, removed during period 2 of 
experiment 1. 
production of RII varied somewhat due to inaccurate measurement caused 
by gas leakage. The methane content of biogas from RII was about 70% 
(Table 2). In RII 90-95% of W A f rem RI were converted (results not 
4 
shown). The total ciliate number in RI increased from 0.5.10" to 
4 -1 3.5.10 cells.ml within three weeks after inoculation. The ciliate 
species composition changed after inoculation comparable to changes 
described for short-term experiments (Gijzen et al 1987a). 
PERIOD 2 (WEEK 15-34) 
The increase of loading rate frcm 22.5 to 27.5 g.l - .d~ had no ef­
fect on degradation efficiency (Fig ЗА), The decrease in acetate 
production in RI, which started in period 1, continues during period 
2. Hovever, it is important to note that the VFA 'production' presen­
ted in Fig 3C results from the combined action of acidogenic and VFA-
catabolizing organism in RI. Propionate production increased, but not 
as an inmediate response to the increase in loading rate (Fig 3C). 
Biogas production of RI increased imnediately after the increase in 
loading rate (Fig 3B). Although the total biogas production did not 
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Figure 3. Performance of the RUDAD-process during long-term diges­
tion of RDF (experiment 2). A, degradation of VS ( Q ) and 
TS ( Ξ ) ; В, biogas production of RI (о) and RI+RII (·) ; 
С, production of acetate (·) and propionate (o); D, pH; E, 
loading rate ( ) and fluid removal rate from RI ( ). 
The dotted intervals in graphs В, С and D represent 
periods in which no samples were analyzed. 
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Table 2. Experimental conditions, protozoal numbers and methane content of the biogas 
from RI and PII during long-term digestion of RDF (experiment 2) 
Period 
1 
2 
3 
4 
Weeks 
0-15 
15-34 
34-40 
40-60 
LR3 
g.rV1 
22.5 
27.5 
27.5 
22.5 
SRT 
d 
4 
4 
4 
4 
D b 
FV.d"1 
2 
2 
2 0. 
1.5 
,9 
Protozoal 
10 .ml 
5 35 
37±3 
40±8 
ndd 
number 
-1 
C H 4 c 
RI 
27±5 
4β±4 
37±8 
4918 
с 
ontent 
% 
RI I 
71±4 
74±6 
77±3 
73±7 
a LR = loading rate 
Ь D = fluid removal rate from RI 
с mean ISD 
d nd = not determined 
increase at the higher loading rate, overall methane production 
increased as a result of the higher methane content of the biogas fron 
RI (Table 2). Ciliate numbers (Table 2) and pH (Fig 3D) remained 
unchanged. 
PERIOD 3 (WEEK 34-40) 
The stepwise decrease in fluid removal rate frem RI from 2.0 to 0.9 
FV.d during period 3 resulted in a decrease of VS degradation from 
about 60 to 40% (Fig ЗА). Because of the Іо даг rate of VFA removal the 
pH of RI decreased from 7 to 5.7 after which it was decided to termi­
nate this part of the experiment by increasing the fluid recirculation 
in order to prevent complete reactor failure due to acidification. 
Surprisingly acetate production of RI increased drastically whereas 
propionate production was rather stable (Fig 3C). The biogas produc­
tion of RI decreased slightly whereas the total production frcro RI and 
RII remained almost unchanged (Fig 3B). However, CH. production in RI 
_1 q 
decreased from 52 to 29 l.d whereas that of RII increased frcro 32 to 
48 l.d . the efficiency of VFA conversion into biogas in RII was not 
altered by fluid recirculation rate. 
PERIOD 4 (WEEK 40-60) 
Increase of the fluid circulation to 1.5 FV.d and decrease of 
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loading rate from 27.5 to 22.5 g.l .d resulted in a rapid increase 
of pH and restoration of PDF degradation efficiency and VFA and biogas 
productions to values comparable to those of periods 1 and 2. The low 
biogas production of vreeks 48-55 were due to leakage of the gas mea-
surement device. 
PROBLEMS DURING LONG-TERM OPERATION 
During both long-term experiments several problems were encountered 
which are not specific for the RUDAD-process, but are likely to occur 
in any tvro-phase degradation system for solid waste materials. Clog-
ging of the filter in RI and of the RII inlet occurred several times. 
For instance, during the first 25 weeks of experiment 2 clogging at 
these locations was observed 38 times. Moreover, proper mixing of RI, 
iitmediately after feeding at the highest loading rate, was problema-
tic. Occasionally technical failure of the circulation bath or peris-
taltic pump caused disturbances in reactor tenperature and dilution 
rate. 
During experiment 2 biogas production dropped two times rather 
drastically, in week 20 and 33. This was accompanied by a high visco-
sity of RI contents 24 h after feeding. The viscosity was normally 
very low at that time. Apparently degradation was suddenly inhibited, 
possibly by hazardous components in the substrate. Simply by lowering 
loading rate for 2 or 3 days and addition of 5-10 1 fresh fermentation 
medium degradation efficiency and biogas production restored to normal 
levels. Thus, the stability of the RUDAD-process was high enough to 
overeare the problems mentioned, and reinoculation of RI or RII was 
not needed during the entire experimental period. However, these 
problems may explain for a large part the variability in the obtained 
results. 
DISCUSSION 
RDF degradation by the RUDAD-process was demonstrated to be effi-
cient and stable. The VS degradation of approximately 60% at a loading 
rate of 27.5 g.l .d was comparable to earlier results obtained in a 
1.5 1 reactor (Gijzen et al 1987b). The loading rates applied in this 
144 
study however are 10 to 20 times as high as those reported for conven-
tional completely mixed reactors treating domestic refuse (Pfeffer 
1974, 1980; Pathe et al 1982; van de Vlugt and Rulkens, 1984). Distur-
bances of the reactor conditions caused by technical trouble or by 
intent and resulting in a decreased degradation vrere easily overcome 
by resetting the original conditions. 
A small inoculimi of rumen microorganisms of 0.025 reactor volume 
was sufficient to create ciliate numbers in RI almost comparable to 
those in the runen (Hungate, 1966) . Even during an experiment lasting 
for more than one year it was not necessary to reinoculate the reac-
tor. However, as reported earlier (Gijzen et al 1987a) the species 
cctnposition changed markedly probably due to substrate characteris-
tics. The high stability and rapid growth of a small inoculum of rumen 
microorganisms are a prerequisite for a large-scale application of the 
RUDAD-process. Another requirement is an efficiently working separa-
tion system between solids and liquids present in RI. A filter system 
was used in the experiments described in this study. Although filtra-
tion was possible on a 30 1 scale, it may not be applicable on a large 
scale because of the increasing volume occupied by the filter. This 
problem may be overcome by the development of a reqenerable filter 
system or by the application of other methods available for the 
separation of solids and liquids (Stanton, 1980). 
After seme time of operation part of the activity of the methanoge-
nic reactor was taken over by the acidogenic reactor. Apparently VFA 
catabolizing bacteria including acetoclastic methanogens were esta-
blished in RI after prolonged operation. This is in agreenent with the 
results of a previous study on the two-phase digestion of pure cellu-
lose (Gijzen et al, 1987c) . Propionate conversion in RI was less pro-
nounced than that of acetate and butyrate, which is probably due to 
the fact that its conversion is thenrodynamically less favourable 
(Zehnder and Koch, 1983) . Ttie partial conversion of VFA allows for a 
loMsring of the fluid removal rate from RI which would be beneficial 
for large-scale application of the RUDAD-process. However, the results 
indicate that fluid removal rate should be high enough to prevent 
acidification of the reactor content, eventually resulting in reactor 
failure. 
In conclusion, the results presented in this study demonstrate that 
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the application of the RUDAD-process results in a high-rate digestion 
of cellulosic wastes such as domestic refuse. Moreover, the process 
was demonstrated to be stable over extended periods of tine which is a 
prerequisite for an industrial application of the system. 
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CHAFTER 8 
ANAEROBIC DEGRADATION OF PAPERMILL SLUDGE IN A 
TWO-PHASE DIGESTER CONTAINING RUMEN MICROORGANISMS AND 
COLONIZED POLYURETHANE FOAM 
Gijzen HJ, Schoenmakers Τ, Caerteling G, Vogels GD, 
(submitted for publication) 

SUMMARY 
The use of reticulated polyurethane foam as a support mterial for 
the inmobilization of methanogenic associations and its application to 
the anaerobic treatment of fine particulate solid wastes was investi-
gated. Hie colonization of polyurethane support particles in a conti-
nuous upflow reactor fed on a mixture of acetate, propionate and 
butyrate, was both rapid and dense. The combination of rumen micro-
organisms and colonized support particles in a two-phase digester 
resulted in an efficient anaerobic decomposition of papermill sludge. 
INTRODUCTION 
The catabolism of volatile fatty acids (VFA) and acetoclastic 
methane formation have been identified as rate-limiting steps in the 
anaerobic digestion of soluble wastes (Ghosh and Pohland, 1974; 
Lawrence and McCarty, 1969). The limitation is caused by the low 
specific growth rates of the bacteria involved in these conversions. 
Consequently, long retention times are required to prevent washout of 
the active biomass in conventional, cotrpletely mixed reactors. 
Several high-rate anaerobic digesters, based on the retention of 
slowly growing populations, have been developed in the past 15 years 
(van den Berg, 1984). One of the methods to increase biomass retention 
is to inmobilize methanogenic consortia on inert support materials. 
The application of reticulated polyurethane foam as a support material 
has been reported previously (Fynn and Whitmore, 1982; Huysman et al, 
1983) and was shewn to result in a rapid and dense colonization. 
Applications of support materials have been restricted mainly to 
the treatment of waste waters (van den Berg, 1984). This study deals 
with the colonization of reticulated polyurethane foam and its utili-
zation in the anaerobic digestion of fine particulate organic waste. 
Recently we demonstrated that a high-rate acidogenesis of cellulosic 
waste materials could be obtained by the use of rumen microorganisms 
in an 'artificial rumen' digester (Gijzen et al, 1987a). This paper 
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reports on the combination of rumen microorganisms and colonized Poly­
urethane support particles in a two-phase digester treating papermill 
sludge. 
MATERIALS AND METHODS 
Immobilization of methanogenic associations 
Reticulated polyurethane foam (density 18 kg/m3; 20 pores per 
linear cm) was used as a support material for the imrobilization of 
methanogenic consortia. A 10 1 volume cylindrical upflow reactor (15.5 
cm internal dianeter) was filled with 10 g.l of polyurethane support 
material, used in cubes with an average edge size of 2.2 cm. The 
reactor was maintained at 39eC. The packed reactor was subsequently 
filled with half strength buffer solution according to Rufener et al 
(1963), supplemented with trace elements (0.1 ml.l ) according to 
Vishniac and Santer (1957) and NH.Cl (14 mM). The reactor was ino­
culated with 300 ml crushed granular sludge, obtained f rem a full 
scale UASB-plant (AVEBE, de Krim) . The same medium as mentioned above, 
but supplemented with yeast extract (0.2 g.l ), sodium acetate (38 
πΜ), propionate (12.8 irM) and butyrate (8.7 mM), was continuously fed 
to the upflow reactor at a rate of 2.6 reactor volume turnovers per 
day. This corresponds to a hydraulic retention time of 9.2 h. After 5 
days of operation, remaining sludge was removed from the bottom of the 
reactor. The progress of imrobilization was nonitored by determination 
of VFA conversion. 
Two-phase reactor design 
A two-phase reactor, consisting of an acidogenic and a methanogenic 
phase, was developed. A 25 1 reactor (39eC) was inoculated with 800 ml 
of fresh strained rumen fluid which was obtained from a fistulated 
sheep. Ihe reactor was subsequently filled to a volume of 5 1 with 
pre-heated (39eC) buffer solution according to Rufener (1963), modi­
fied by the addition of NH.Cl (28nM) and trace elements (0.2 ml.l" ). 
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The day after inoculation, colonized support particles were trans­
ferred f rem the upflow reactor into the two-phase reactor, resulting 
in a total working volume of 15 1. The digester feed consisted of 
partially dehydrated papermill sludge, supplemented with a small 
amount of ground alfalfa. The substrate was added once daily except 
for the day of inoculation when twice the normal loading rate was 
applied. The composition of the substrates is shown in Table 1. The 
lower part of the reactor (acidogenic phase) was stirred and homoge­
neous content was continuously pumped over the upper layer of support 
particles (methanogenic phase) at a rate of 25 l.d . Every day 2.5 1 
of homogeneous acidogenic phase content was replaced by an equal 
volume of fresh fermentation medium with suspended substrate. A 
schematic diagram of the tvro-phase reactor is presented in Fig 1. 
Sampling and analyses 
Samples for determination of pH, VFA and neutral detergent fibre 
(NDF) were taken from the daily homogeneous reactor effluent. Biogas 
production was monitored daily and methane content of the biogas was 
determined in triplo twice every vreek. Analytical methods were as des­
cribed previously (Gijzen et al, 1986, 1987b). 
Table 1. Composition of the substrates 
Determination Alfalfa Papermill sludge 
Dry weight (dw)* 
VS ( % of dw) 
NDFC (% of dw) 
Total N ( % of dw) 
1. 
COD (gO .g dw) 
92.9±0.7 40.410.2 
90.711.6 38.210.5 
46.011.8 32.210.7 
2.3+0.2 0.1410.02 
1.0810.04 0.6910.09 
a Average ±SD 
b Volatile solids 
с Neutral detergent fibre (Goering and van Soest, 1970) 
d Chemical oxygen demand 
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Figure 1. Schematic representation of the two-phase reactor. A, 
acidogenic phase; B, methanogenic phase; C, stirrer; D, 
bidirectional sludge pump; E, homogeneous effluent 
removal; F, feeding and addition of fresh fermentation 
medium. G, gas outlet. 
RESULTS AND DISCUSSION 
Colonization of polyurethane 
Colonization of the polyurethane support particles as assessed by 
VFA conversion proceeded at a high rate (Fig 2). Within 13 days after 
inoculation, stable conversion efficiencies of 80-90% and 95-100% were 
obtained for acetate and butyrate, respectively. Optimal propionate 
degradation of about 80% was reached after 20 days of operation. The 
rate of colonization was sonevdiat lower as conpared to previous 
reports on. studies with polyurethane (Fynn and Whitrrore, 1982; Huysman 
et al, 1983) . The differences in colonization rate may be accounted 
for by differences in the substrates applied. After 3 weeks of colo-
nization biomass concentration amounted to 0.02 ± 0.003 g VS per cm3 
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Figure 2. Degradation efficiency of acetate (·) propionate (A) and 
butyrate (O) during the colonization of polyurethane 
support particles. 
of support material. 
Scanning electron microscopic examination of the colonized support 
particles revealed the presence of aggregates of bacteria in the 
cavities of the polyurethane foam (Fig 3). In contrast to previous 
observations on the colonization of polyurethane (Fynn and Whitmore, 
1982) the bacteria appeared to be physically associated with the 
support material. The biofilm consisted mainly of long filamentous 
Methanotrix-type bacteria and smaller numbers of Methanosarcina 
species. 
Two-phase reactor performance 
After about 3 wseks of colonization, the support particles were 
transferred into the two-phase reactor, which was inoculated with 
rumen microorganisms one day before. Substrate loading rates vrere 75 g 
VS.d" during the first 30 days of operation and 102 g VS.d" there­
after, including 21 g VS of alfalfa at both loading rates. Performance 
of the tw-phase digester during a 60 days period of operation is sum-
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Figure 3. Scanning electron micrographs of colonized polyurethane 
foam. 
raarized in Fig 4. 
From day 5 to 30 after inoculation, biogas production was rather 
stable at 33+3 l.d . Methane content of the biogas amounted to 55±4% 
during the entire experimental period, except for the first 5 days 
(Fig 4A) . The higher loading rate applied after 30 days of operation 
resulted in an increase of biogas production to 42+2 l.d . 
Methane yields obtained were 0,24 and 0.23 l.g VS added, at loa-
ding rates of 75 and 102 g VS.d , respectively. From these msthane 
yields and by assuming the organic part of the substrate to be 
(C-H-.O,.) , degradation efficiencies were calculated to be 55 and 52%, 
respectively. However, NDF degradations determined as the difference 
between NDF content of the substrate and that of the homogeneous ef-
fluent was much higher than those expected on the basis of methane 
formation (results not shown). NDF degradation decreased f rem about 
75% during the first 20 days to about 60-65% at the end of the test 
period. The differences between expected and neasured NDF degradation 
efficiencies may be accounted for by accumulation of substrate 
particles in the polyurethane layer, by incomplete conversion of 
substrates to methane and by removal of VFA via the homogeneous 
effluent. Therefore, real NDF degradation probably will be in the range 
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Figure 4. Performance of a two-phase digester fed on papermill 
sludge. A, biogas production (·), methane content (o) ; B, 
pH (A) , concentration of acetate (o) and propionate (·) . 
Arrow indicates the increase of loading rate. 
of 55-65%. These values are comparable to NDF decomposition, previous­
ly reported for the acidogenic phase digestion of papermill sludge by 
a mixed population of rumen microorganisms (Gijzen et al, 1987a). 
However, in the present experimental set-up no filtration system for 
the separation of solids and liquids was required, which makes the 
design much more attractive for an industrial application of the 
process. In spite of the high content of anorganic material of the 
papermill sludge used in this study, loading rates and conversion 
efficiencies were higher than those reported by Takeshita et al 
(1981) . 
Concentrations of individual VFA in the acidogenic phase showed 
sene fluctuations untili a stable level was maintained from day 35 on 
(Fig 4B) . The fluctuations were most explicit for the concentrations 
of propionate which showed a temporary increase to a maximal level of 
20 itM between day 12 and 21 and a second increase after day 30 to a 
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stable level of about 10 to 13 πΜ. A similar pattern was observed for 
acetate, but concentrations were markedly lower (<7 irM) and дэге 
almost zero after 45 days of operation. The concentration of butyrate 
(not shown) did not exceed the 1 nM level during the entire test pe­
riod. The observed fluctuations in VFA levels reflect disturbances in 
the balance between their production in the acidogenic phase and their 
subsequent degradation in the methanogenic phase. Specific accumula­
tion of propionate may be explained by the fact that its anaerobic 
conversion is thermodynamically less favourable than that of acetate 
or butyrate (Zehnder and Koch, 1983). The increased concentration of 
propionate observed between day 12 and 21 may be a result of washout 
of loosely attached biomass from the polyurethane support particles 
and the higher propionate level after day 30 probably originates from 
the higher loading rate applied. The pH values in the acidogenic phase 
were correlated with fluctuations in the concentrations of VFA and 
varied between 6.8 and 7.1 (Fig 4B). 
Rumen ciliates were present in high numbers (about 50.103 
cells.ml ) during the entire experimental period. The exact microsco­
pical enurteration of ciliates was hindered by substrate particles 
which had a similar size and shape. 
In conclusion the results described in this study demonstrate that 
polyurethane may be used as an excellent support material for slowly 
growing methanogenic phase bacteria. The combination of rumen micro­
organisms in the acidogenic phase and colonized support particles in 
the methanogenic phase of a two-phase reactor resulted in a high-rate 
anaerobic digestion of papermill sludge. Further work is required to 
optimize the tvro-phase digester performance and to establish its 
potential application to other particulate solid waste materials. 
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SUMMARY / SAMENVATTING 

Worldwide photosynthetic fixation of C0_ is estimated to yield up to 
10 15 to 20.10 of dry plant material annually. The mineralization of 
cellulosic biomass proceeds almost exclusively by microbial processes, 
occurring both in aerobic and anaerobic environments. During the anae-
robic mineralization organic materials are converted into methane and 
carbon dioxide (biogas). the process occurs wherever organic matter 
accumulates and oxygen becomes depleted such as in aquatic sediments, 
marshes, paddy fields, but also in the digestive tract of herbivorous 
animals. 
Anaerobic digestion has been applied to the treatment of sewage 
sludge since the end of the previous century. Anaerobic waste water 
treatment has made great progress recently by the development of 
several high-rate digesters based on the concept of immobilisation of 
the slowly growing microbial biomass. In contrast, anaerobic digestion 
of solid organic waste has not been very efficient in terms of loading 
rates, solid residence times and extent of decomposition, and there-
fore it has been limited mainly to animal wastes and secondary waste 
water sludge. ITie low conversion rates are generally ascribed to the 
low rate of hydrolysis of cellulosic biotnass. The feasibility of 
anaerobic digestion of cellulosic wastes might be strongly enhanced by 
the application of microorganisms exhibiting high cellulase activi-
ties. 
This thesis describes the development of a novel tvro-stage anaero-
bic digestion process, applying a unique microbial population from the 
forestomach of ruminants. The rumen may be considered as a high-rate 
natural digester for the conversion of cellulosic substrates. Rumi-
nants and all other herbivorous animals have evolved a symbiotic 
interrelationship with microorganisms which enables than to convert 
huge amounts of plant polymers (cellulose) that cannot be degraded by 
animal digestive processes. 
Chapter 2 describes an 'artificial rumen' digester which allows the 
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maintenance of a mixed runen microbial population under conditions 
similar to those in the rumen. In this acidogenic reactor high loads 
of grass (35 g.l .d" ) were digested at a solid retention time of 
only 60 h. The main fermentation products consist of volatile fatty 
acids (VFA), methane and carbon dioxide. In order to prevent an acidi­
fication of the reactor content, fluid containing the acid fenrenta-
tion products was continuously removed through a filter unit and 
subsequently fed to a UASB-type methane reactor (Chapter 4) . After 
conversion of the VFA the effluent of the methane reactor could be 
recirculated into the acidogenic reactor. Because the two-stage system 
is based on processes and microorganisms of the ruminant it was termed 
'rumen-derived anaerobic digestion' (RUDAD) process. During the diges­
tion of pure cellulose biogas production amounted to 0.7 m3.kg of 
cellulose added, which is almost equal to the theoretical maximum 
value. Cellulose digestion was complete up to a loading rate of 25.8 g 
Volatile Solids (VS) .l^.d - 1. 
The role of rumen ciliates in the acidogenic phase digestion is 
discussed in Chapter 3. 
Chapter 5 describes the results of the digestion of various solid 
organic waste materials in the acidogenic stage of the RUDAD-process. 
Degradation efficiencies were highest for waste materials with a lew 
content of cell wall polymers (vegetable auction waste, horticultural 
waste, verge grass, organic fraction of municipal solid waste), but 
also for cellulosic (papermill sludge, refuse derived fuel) and even 
for lignocellulosic wastes (straw, bagasse, coffee pulp) high-rate 
conversions were obtained. In spite of a lignin content of 13%, 
cellulose degradation of bagasse amounted to 60-65% at a loading rate 
of leg.r^d"1. 
Optimal conditions of loading rate and retention of solids and 
liquids during the digestion of refuse derived fuel (ЮГ) were 
established at 23.4 g VS.l" .d~ , 90 and 8-24 h, respectively (Chapter 
6) . The stability of the RUDAD-process was established in long-term 
experiments with ГОР as a digester feed (Chapter 7). After prolonged 
recirculation of the fluid within the tvro-stage process, part of the 
VFA-catabolizing activities of the methanogenic phase had been taken 
over by the acidogenic phase (Chapters 4 and 7). 
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The economical feasibility of this novel rumen-derived process is 
determined not only by the rate of digestion but also by the simpli-
city of the reactor design. Chapter 8 describes the combination of 
rumen microorganisms and colonized polyurethane support particles 
carrying the VFA-catabolizing bacteria from the second phase in one 
reactor,resulting in a high-rate degradation of papemill sludge. 
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SAMENVATTING 
Jaarlijks vrordt naar schatting 15 â 20.10 ton plantaardig mate-
riaal gevormd via het proces van de fotosynthese. De mineralisatie van 
deze plantaardige biomassa is vrijwsl uitsluitend een microbiologisch 
proces dat zowsl in aerobe als ook in anaerobe milieus verloopt. 
Tijdens de anaerobe mineralisatie wordt organisch materiaal omgezet in 
een mengsel van methaan en kooldioxide (biogas). Het proces komt 
vrijvrel overal in de natuur voor, waar organisch materiaal wordt opge-
hoopt en de toevoer van zuurstof beperkend is, zoals in de sedimenten 
van rivieren en meren, moerassen, sawa's, maar ook in het spijsverte-
ringsstelsel van herbivoren. Daarnaast vindt een gecontroleerde anae-
robe afbraak plaats in door de mens geconstrueerde gistingsinstalla-
ties. Methaangisting wordt reeds vanaf het eind van de vorige eeuw 
toegepast bij de stabilisatie van zuiveringsslib dat wordt gevormd 
tijdens de aerobe waterzuivering. De belangstelling voor anaerobe af-
valwaterzuivering is de laatste jaren sterk toegenomen door de 
ontwikkeling van reactortypen waarin de aktieve biomassa is opgehoopt 
door middel van imrrobilisatie, zodat hogere belastingen kunnen vrorden 
bereikt. De anaerobe verwerking van vast organisch afval wordt echter 
nog relatief weinig toegepast, hetgeen vooral te wijten is aan de 
trage omzettingssnelheden en de instabiliteit van de gebruikelijke 
1-traps reactoren (bijv. voor mest en rioolslib). De snelheidsbepa-
lende stap in de afbraak van plantaardig afval wordt gevormd door de 
enzymatische hydrolyse van de celwandpolymeren (vnl. cellulose) tot 
oplosbare componenten. De snelheid waarmee de anaerobe afbraak ver-
loopt zou aanzienlijk verbeterd kunnen worden door toepassing van 
micro-organismen met hoge cellulase aktiviteit in combinatie met een 
reactorontwerp dat voorziet in optimale milieucondities voor de 
betrokken organismen. 
In dit proefschrift wordt een nieuw 2-traps vergistingspro-
oedê beschreven dat gebruik maakt van een unieke microbiële populatie 
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afkomstig uit de pens van herkauwsrs. De pens kan worden beschouwd als 
een van de meest efficiënte anaerobe ecosystemen voor wat betreft de 
microbiële afbraak van plantaardige biomassa. Herkauwers leven van 
plantaardig materiaal, maar beschikken niet zelf over de enzymen die 
verantvroordelijk zijn voor de hydrolyse van plantaardige celwandpoly-
meren. Hiervoor zijn ze volledig aangevrezen op micro-organismen (vnl. 
ciliaten en bacteriën) die in grote aantallen in de pens voorkomen. 
Door de procescondities nauwgezet na te bootsen bleek het mogelijk 
bacteriën en ciliaten afkomstig uit de pens van een schaap te hand-
haven in de eerste reactor van het 2-traps vergistingssysteem (hoofd-
stuk 2). In deze reactor werden hoge belastingen aan gras (35 
g.l .dag ) binnen een tijd van 60 uur voor zo'n 60 tot 70% afgebro-
ken. De voornaamste eindproducten van het fermentatieproces in deze 
reactor zijn, evenals in de in vivo situatie, laagiroleculaire 
vluchtige vetzuren, methaan en kooldioxyde. Om verzuring te voorkomen, 
dient de vloeistof retentietijd in de eerste reactor (zuurvormende 
reactor) aanzienlijk korter te zijn dan de retentietijd van de vaste 
stof. De scheiding in de doorstroomsnelheden voor vaste stof en 
vloeistof bleek van essentieel belang voor het handhaven van grote 
aantallen ciliaten en een goede afbraak efficiëntie. De scheiding 
tussen vast en vloeibaar vrerd gerealiseerd door middel van filtratie. 
De in de vloeistof opgeloste vetzuren worden middels een in serie 
geschakelde methaanreactor van het type UASB omgezet in biogas. Nadat 
de vetzuren in de methaanreactor waren afgebroken, kon de vloeistof 
weer vrorden teruggeleid in de zuurvDmende reactor (Hoofdstuk 4). 
Wanneer puur cellulose werd afgebroken in het 2-traps systeem, vrerd 
een gasproductie bereikt van 0.7 mVkg cellulose (60% methaan), 
hetgeen vrijvrel gelijk is aan de theoretisch maximaal haalbare waarde. 
De cellulose afbraak was volledig zelfs bij een volumebelasting van 
25.8 g organische stof (VS) . l ^ d - 1 . 
De bijdrage van ciliaten in het afbraakproces in de zuurvormende 
reactor wordt besproken in hoofdstuk 3. 
Diverse afvalmaterialen van verschillende herkomst en samenstelling 
bleken goed afbreekbaar in de zuurvormende reactor (Hoofdstuk 5). De 
afbraak verliep het meest efficiënt met afvalmaterialen met een laag 
gehalte aan celwandpolymeren zoals veilingafval, tuinderijafval, 
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bermaaisel of de organische fractie van huisvuil. De afbraak van 
cellulose rijke (papierslib, RDF-huisvuil) en zelfs van ligninerijke 
afvalmaterialen (stro, bagasse, koffiepulp) verliepen echter ook 
efficiënt. Ondanks een lignine gehalte van 13% wsrd het cellulose in 
bagasse nog voor zo'n 60-65% afgebroken bij een belasting van 18 
i-l л -i g.l .dag . 
Voor de vergisting van de RDF-fractie uit huisvuil werden de 
optimum condities betreffende belasting, vaste stof en vloeistof 
retentietijd vastgesteld op respectievelijk 23.4 g VS.l .dag , 90 
uur en 8-24 uur (Hoofdstuk 6). De stabiliteit van het 2-fasen systeem 
verd bepaald aan de hand van een langdurige fermentatieperiode, 
waarbij RDF als substraat vrerd toegediend (Hoofdstuk 7). Na langdurige 
recirculatie van de vloeistof binnen het 2-traps systeem, bleek een 
deel van de vetzuurafbrekende aktiviteit van de methaanreactor 
overgenomen te zijn door de verzuringsreactor hetgeen de stabiliteit 
bevordert. 
Voor de economische haalbaarheid van het 2 traps procédé op indus-
triële schaal zal naast de efficiëntie en het rendement vein het 
vergistingsprooes tevens de procestechnologische uitvoering van belang 
zijn. Door vetzuurafbrekende en methaanvormende bacteriën te imrobi-
liseren op polyurethaan bleek het mogelijk de zuurvorming en methaan-
vorming gecombineerd in een reactor te laten plaatsvinden (Hoofdstuk 
8). Dit lijdt tot vereenvoudigde procesvoering, hetgeen vooral van 
belang is voor de vergisting van afvalmaterialen die normaal filter-
verstopping zouden veroorzaken. 
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ANAEROBIC DIGESTION 
OF CELLULOSIC WASTE BY A 
RUMEN-DERIVED PROCESS 
Nijmegen, 26 maart 1987. H.J. Gijzen 
I 
In studies waarin lignine wordt gebruikt als interne standaard ter bepaling 
van de afbraak van plantaardig materiaal door herkauwers, wordt geen 
rekening gehouden met het feit dat laagmoleculair lignine wordt opgelost 
tijdens de afbraak van celwandpolymeren. 
II 
Bij schattingen van de potentiële methanogene activiteit (<?„„ ,_ ) van 
Спц (Fi* 2 о ) 
anaëroob slib aan de hand van het coenzym Fit 2 o gehalte, dient een onderscheid 
gemaakt te worden tussen de Fu2o varianten in hydrogenotrofe (Ригo-2) en 
acetoclastische (Fu 2 o-4 en Fu 2o-5) methaanbacteriën. 
Dolfing J, Mulder JW (1985) Appi Environ Microbiol 49: 1142-1145. 
Gorris L, van der· Drift С (1986) In: Biology of anaerobio bacteria 
(Dubourguier et al, eds). Elsevier Sci Pubi, Amsterdam, pl44-150. 
Ill 
De door Ima! en Ogimoto beschreven bacteriën Streptococcus bovis en 
Rwrinococcus albus, gehecht aan ci liât en uit de pens van een schaap, zijn 
waarschijnlijk methaanbacteriën. 
Imai S, Ogimoto К (1978) Jpn J Vet Sci 40: 9-19. 
IV 
De toename van de malaria frequentie die wordt waargenomen bij zwangere 
vrouwen in holo-endemische malaria gebieden is een gevolg van de functionele 
interactie tussen het immuunsysteem en het endocriene stelsel. 
Vleugels MPH (1984) Proefschrift Kil Nijmegen. 
van Zon AAJC (1984) Proefschrift KU Nijmegen. 
V 
De biotechnologische toepassingsmogelijkheden van anaerobe schimmels uit 
de pens zijn tot dusverre onderschat. 
VI 
In de literatuur vermelde methaanopbrengsten hoger dan 0.395 m' (350C,1 atm) 
per kg chemisch zuurstofverbruik (CZV) zijn onjuist. 
VII 
Tijdens de bereiding van champignoncompost wordt slechts in een klein 
deel van de composthoop een temperatuur gehandhaafd die optimaal is voor 
microbiële activiteit. 
VIII 
Het voorstel van Malik en Tauro om ethaan en propaan in plaats van methaan 
te winnen uit anaërobe reactoren, lijkt gezien de argumenten die zi] hiervoor 
aanvoeren meer op "science fiction" dan op "science". 
Malik RK, Tauro В (1986) TIBTECH 4: 305-30?. 
IX 
De "zure regen" in gebieden met een intensieve veeteelt is veelal een 
basisch neerslag. 
X 
Het feit dat het sterftecijfer ten gevolge van vele tropische ziektes, 
zoals malaria, veel hoger is dan dat van "westerse" ziektes, zoals kanker 
of hart- en vaatziekten, zou tot uitdrukking moeten komen in een andere 
verdeling van onderzoeksgelden op medisch gebied. 



